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ABSTRACT 

An experimental investigation into the gas dynamics of a jet-driven 

vortex tube for application of a cavity nuclear reactor to rocket propul­

sion has shown that viscous retardation of the vortex motion is severe, 

owing to a high level of turbulence near the periphery. Based on the 

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

vortex strengths sufficient for practical application will require the 

use of small diameter tubes with appreciable expenditure of power for re­

circulation of the gas. The effect of the high degree of turbulence on 

the sejiaration process near the periphery remains to be determined, 

The independent variables which were found to influence the vortex 

strength significantly for a given gas and temperature condition are the 

tube diameter, the mass flow rate per unit tube length, the injection 

velocity, and the wall pressure, 

Estimates of the degree of turbulence in vortex flow have been made 

from data on the vai'iation in tangential velocity with radius. Virtual 

(total) viscosities near the periphery ranged from 30 to 700 times the 

molecular viscosity for tangential Reynolds nimibers of from k x 10* to 

2 X 10®, 

Measurements of the position of the mole-fraction peak for separation 

of helium and a heavy vapor agreed with the theory for laminar flow. This 

suggests that near the center of the vortex tube where the peak developed 

the radial density gradient was sufficiently strong to suppress turbulence. 
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It is concluded that the vortex reactor concept appears promising for 

application to nuclear rocket propulsion provided a satisfactory method can 

be devised for recirculation of the large excess mass flow reqiilred to main­

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

separation process. A sejjaration experiment at elevated temperature appears 

to be the next logical step in the research program. 
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. • NOMENCLATURE 

A '^/S IT n , dimensionless 

D molecular diffusivity, ft^/sec 

g gravitational constant, 32.17 lb •ft/(sec)^'lb-

i tube length, ft 

M tangential Mach number, dimensionless 

m molecular weight, lb /lb mole 

"7?^ mass flow rate per unit of tube length, lb /sec ft 

N„ Reynolds number, dimensionless 

P* effective jet input power, y <^^ ^/^/^ (lb /sec• ft) 

p static pressure, psia 

R gas constant, 15^5 ft-lb^lb mole-'R 

R_. bleed ratio, dimensionless 

r radius, ft 

T absnlntp static temperature, 'R 

V velocity, ft/sec 

x' mole fraction of heavy component, dimensionless 

7 heat capacity ratio, c /c 

H absolute (molecular) viscosity, lb /ft-sec 

fi virtual (total) viscosity, lb /ft-sec 

p density, lb /ft" .3 
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NCMENCLATURE (continued) 

Subs 

a 

e 

i 

J 

m 

o 

P 

r 

t 

1 

2 

cripts 

jet entry position 

exit 

inlet 

jet 

peak mole fraction 

upstream of nozzle 

periphery 

radial 

tangential 

light gas 

heavy gas 

Superscripts 

€ 

' denotes value divided by the value at the tube periphery 

exponent in M = M /r' 
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•• AN EXPERIMENTAL STUDY OF VORTEX FLOW FOR APPLICATION 

TO GAS-PHASE FISSION HEATING . 

J. J. Keyes, Jr. R. E. Dial 

SUMMARY 

The feasibility of utilizing a vortex field to contain a fissioning 

gas which is supplying heat to a rocket propellant depends strongly upon 

the magnitude of the tangential velocities which can be generated at low 

mass flow rates (!). If the flow field is laminar, viscous shear drag 

would not be expected to retard the vortex motion appreciably; however, if 

the flow field is turbulent, viscous retardation becomes highly significant. 

The experiments described in this report, which· are a continuation of pre-

liminary work previously published (J), were performed to determine the 

nature of the flow in jet-driven vortex tubes under conditions dynamically 

similar to those necessary for operation of a vortex-cavity reactor. 

When it was found experimentally that turbulence seriously 'limits the · 

vortex strength attainable at low mass flow rates and power inputs, attempts 

were made to laminarize the flow field by application of such well-known 

techniques as uniform botind.ary-layer bleed and. wall cooling. No significant 

eff'ect of bleed on· vortex strength (tangential peripheral Mach number) was 

observed for bleed ratios (ratio of bleed mass flow to exit mass flow) up t9 

3.0. It was· possible; however, by injecting the. gas into the tube at··sliffi-

ciently low Reynolds and Mach numbers (continuous slit injection) and by 

bleeding uniformly through a porous wall to effect a reduction in exit mass 

.. .. . . .. . . . .. . . . . 
•· . . . . . . . . . . -,-.,9 l .~ 

I '··"-
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flow by a factor of four with less th~n 25% decrease in local vorticity. 

Some in.crease in vortex strength .was measured with extreme wall cooling, in­

dicating reduction in turbulent wall shear. Iluninarization was not achieved., 

however. 

Another promising technique which was employed for removal of the ex-

cess mass flow involved bleeding axially through an annular ring of orifice 

holes at the end of the vortex tube. In one experiment, a reduction in exit 

mass ~.J,..c:>w by a factor of 7.5 wa~. effected with 15% decrease in local vort:L~ity. 

A sizable portion of the. experim~ntal effort was devoted to a systematic 

study of the effects·· on ·turbulent vortex strength 0f . certain key variables. 

These incl'Q.de primarily: 

1. tube diameter, 

2. mass":flow rate per unit tube length, 

. 3. jet injection velocity, 

4. wall pressure. 

For . example, decrease in tube diameter from 2. 0 to 0. 64 in. produced an i'fi-

crease· in vortex.strength of up to a factor of two. Vortex strength also 

increase(i :with increasing mass flow rate. Experiments on the effe.ct of iri-

jectiqn velocity showed. that stronger vortices were generateQ. for subsonic· · 

than for supersonic injection,·for'the same input power. In one run with· a 

0.64-in .. -ID _'tube, a peripheral tangential Mach numb~!' Mp' .of .0.49, was . 

attained USing nitrogen gas at a tube wall prf!SSure of 8J psiaj the J.et ~Ch 

n~ber was. 0. 9 and .the mass flow ~ate 0.083 lb/sec• ft. The analysis of····~­

Kerrebrock and Meghreblian (J). ind:i,cates that values of Mp· of at least 0. 5 

will 1Je required for vortex reactor.application. 

. . . . . 
. . .·. . .. . . . . ... . 

. . . . .. . ..... 

•• 
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A quantity which was found to correlate.th~ combined effect of mass 

flow rate and·injection velocity is the effective jet input power, which is 

proportio~l·to the product·of mass· flow per unit tube length and the square 

of the jet Mach number. The data indicate that vortex strength increases 

with this parameter to the 0.42 power. 

The tangential Reynolds number, based on the tube diameter and tangen­

tial velocity near the tube periphery, was found to be a valid simili tuq.e ... • 
•' e 

parameter. It is concluded that to achieve high tangential Mach numbers at 

Reynolds numbers of practical interest for vortex-cavity reactor application 
. . 

will require appreciable recirculation.. unless some means ca.,n be found for 

effective suppression of turbulence. Recirculation techniques are discussed 

in ref 2. 
.·, 

In order to determine the degree of turbulence in vortex flow, estimates 

of virtual viscosity have been made from the experimentally determined-vari-

ation ill; tangential velocity with radius. It was found that the virtual vi's­

cosities.near the periphery ranged from 30 to 700 times the molecular viScosity 
. . 

for Reynolds numbers of from 4 x 104 to 2 x 106
• Since Reynolds numbers in · 

excess of 1 x 106 are possible in the actual application, it is apparent that 

turbulent shear drag will be the principle factor limiting the attainment' of 

high vortex strength. 
....... · 

A final phase of the experimental program involved measurements of the 

separation profile of a heavy fluorocarbon vapor in helium, utilizing a direct 

eampling technique and thermal conductivity gas analysis. Axial.bleed-off was 

employed to reduce the exit mass flow to a value permitted by the rate"of'd.if­

f:usion of light through heavy gas. It was found that the measured conc.entra-

tion peak position agreed reasonably.well with theory ~ase~.on a laminar . 

analysis (!, 1), indicating that turbulence must be effectively suppressed by . ... . . . .. . ..... . . . . . . . . . . . . .. . . . . . . . .. . . . . ... . ... . . . . . . . . . .. . ... . ... . . .. .. . . 
. . . .. . . . . 
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the large density gradient i~ the central region of the tube where the peaks 

developed. This.study leaves unanswered the question of the effect of tur.., 

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

peak at. larger radii. 

. INTRODUCTION· 

. . . . 

The possibility of developing a high-performance nuclear rocket engine 

utili zing direct energy exchange between. a low molecular weight ·.propellant 

and a fissioning gas or plasma was considered.by Kerrebrock, Meghreblian, 

and .Lafyatis' in. refs.· l. and 2. It is·· generally: concluded. that ,some means 

for preventing loss ·of :·fiSsionable material· d~ing: operation ·is·- required·. in 

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

to keep-: the- ve~ocity·and specif'ic: impul·se .hi@.:i. and (b)·. -to maintain~:critical'ity: 

without. excessive. expendi.ture" of·. fuel. ·:As·'.is p0i:rited out. in· these·. ref~rence's,; ' 

a possible method of' containment involves use of a· centrifugal· field to counter · 
~ . 

the tendency for the fuel to be swept out with the propellant. By proper bal-. . . 

ance between these opposing forces, it should in principle be possible to hold 

the fissionable material as a concentrated gaseous "cloud" away f::;-om the wall 

of the con~aining vessel so that very high temperatures could be reached iri" 

the gas without exceeding allowable w~ll temperatures. 
. . 

Figure i is a conce~tual sketch of a single·vortex tube, as pre~~z1t~'d 

in ref l. A low molecular :weight gas is intl·.oduced tangentially, producing 

the vortex motion. The light gas floW:s spir~liy inward, diffusing throtish 
' . . . 

the cloud of heavy fissionable gas ahd absorbing the fission heat. The anal-

ysis pre-sented 'by .Kerrebrock and Meghreblian. OJ indicated the feasibility" 
... 

of the vortex containment scheme ·:for laminar flow. In a later rep~rt (g), 

.. . .. 
. .. . . . 

. . . .. . . . .. . . . . .. . . . . . . . . . . . . .. 
. . . . . 

• • 0 . . . . . . .. 
·".' 0 i • 
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COOl GA·S AND FISSIONABLE MATERIAL 
RODUCED TANGENTIALLY 

. HOT GAS TO 
· . NOZZLE 

SECTION A-A 

B~ 
I 
I 

CONVERGENT­
DIVERGENT 
NOZZLE 

.. 

UNCLASSIFIED · 
ORNL-lR-DWG. 24782 

"CLOUD" OF 
FISSIONABLE 
MATERIAL. 

SECTION 

SPECIAL_! ZATION ·oF THE VORTEX TUBE FOR ROCKET 

PROPULSION. 

Fig. l. A Unit Vortex Cell witn Integral-Nozzle. 
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the .possibility of maintaining l.aminar flow by application of unifo~ wall 

suction was considered. No attempt was made to estimate the effects of 

t'ilrbulenc.e · <:>n the vortex flow or on the separation 'process. 

In order to fulfil.l criticality requirements in gaseous cavity re-

actors, it is. necessary that the density ratio of fi§siona.ble material to 

propel.lant be l.arge in the cloud region and that the propellant pressure 
.. , ... · .. 

be high, as shown in r.ef. 2. The significance of th'ese facts <is that high 

tangential velocities· have to be achieved .. under conditions of high gas 

density; consequently, the characteristic. Reynolds number for the flow will 

be large and turbulence likely~ Furthermore, the diffusional velocity of 

propellant.through the cloud limits the exit mass flowrate-to.a very low 

value. There is obviously a liini t also on the amount of· energy which can· 

be expended in maintaining the vortex. These factors impose severe limi ta-

tions on the operation of gaseous vortex-cavity reactors. 

An experimental program was consequently initiated to ascertain the 

nature of the flow in a gaseous vortex operating at room temperature under 

conditions estimated to be dynamical.ly similar to those corresponding to 

high temperature operation. The first question which had to be answered ex-

perimentally was whether vortices-of adequate strength could be generated 
. . 

with the low mass flow rates (of the order of o.oi lb/sec·ft) which can be 

tolerated by the diffusion process. ·A preliminary report (,J) on the initial 

phase of the study has been published, in which it was concluded that, due. 

to turbulence, th~ retardation of the vortex motion in a simple, single-pass 

tube (Fig. 1)* is so severe as to prevept formation of vortices of sufficient 

strength for vortex reactor application. 

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

.. ... .. .. . .. . . . . . . . . . . . . . . . .. .. . . .. . . . . . . . . .. . . . . . . . . . . . .. ... .. . . .. . . . 
.q· 2 . 
.L ·-
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Since it was confiT~med experimentally that the· flow field in a simpl~ 
vortex tube would· be turbulent, the next part. of the experim~ntal program, 

described in detail in this report, consisted of a series 'of experime'nts 

in which an attempt was made to produce laminar vortices. Methods of sta-

bilizing the shear layer on the concave wall which were investigated in-

elude boundary-layer bleed-off through a uniformly porous wall as suggested 

by Kerrebrock (g), injection of a heavy gas uniformly·through a porous wall, 
"' 

and wall cooling. These techniques have been used successfully for boundary-

layer control on flat plates and on airfoils. 

Another series .of experiments was conducted to determine the effect of 

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

tween the tube center and wall, so that the exit radial flow is held to an· . 

allowable rate; pased on diffusion considerations. The flow bled off would, 

of course., represent a recirculating side-stream. 

Mea~urements of the effects on vortex strength of mass flow rate, in-

jection velocity, tube geometry, and pressure are described in this report. 

Estimates of eddy viscosity from the experimental velocity data are presented. 

Preliminary attempts, described in ref 3, to ·ascertain the radial con~ 

centration distribution of a heavy gas were at best qualitative. Quantita-

tive measurements of the radial distribution of CeF1e in helium using 

improved techniques are described in this report. 

As has been indicated, the organization of the experimental program was 

such as to survey the effects of many variables. The principle criterion 

used in evaluating a·particular variable is its effect on the magnitude of 

the peripheral tangential Mach number, M (also referred to herein as the 
. . p 

vortex strength), a~d on the variation in tangential Mach number, M, with 

.. :I ,:"P'\ . ... . . . .. .. . ... . . . . . ~ . . ~ . . . . . . . .. . . . . . . . .. . . . . . . . ... . . . . . . . . . . . . . . . . . . ... . ... . . .. .. . . . 
J..j 
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radius. Use of Mach number is convenient since a simple relationship exists 

between the "tt.!ingehtial Mach number at the point of maximum mole fraction o~ 

heavy . C()mponent, the mass flow rate, and properties of the gaseous mixture . 

. Expe:r,-iments were conducted near roqm.temperature for simplicity. The simi1-

itude parameters considered to be of principle importance in vqrtex flow, as 

defined by Kerrebrock ~d others, are: 

1. . radial ~eynolds nmnber, .r v p/IJ. = 1Jtj2 1T IJ., . 
r 

2. · tangential Reynolds number, 2 r vt P/IJ., 

3. inlet jet MaclY number-, M j . 

Note that . the radial· Reynold·s· number.·· is· independent. of' radius when= tempera•_. ... 

ture effects:. are neglected;· the· tang¢ntial·Reynolds •number•·decreases, with··· 

radius. 
-

In summary;, •.the. obj.ectives- of the· initial .experimental:>program··:were. to' 
. ·, .,_ 

. .,,,:. ·~·. · determine: the:inature .of. :flow in·a"'gaseous.·vor.tex··and:to ··deli'neate•·.the· impor·< 

tant ·variables" anci"their· effects on vortex· strength~ It i's hoped that· the 

results presented here will be useful in guiding the course of future analyt-

ical'and experimental work. 

LITERATURE REVIEW 

It is to be exp~cte~ that the majority of references. in this field have 

to do with "Ranque-Hilsch tube 11 theory and performance, in which the concern 

is primarily that of· explaining the observed temperature effects. Further.::. .. 

more, such tubes operate with mass flow rates much larger than can be tol-

erated in vortex reactor application and, as measured by Eckert and Hart-

riett (!!:)' .the radial 'veloCity distribution is closer to solid-body rotation 

. . . : . . : . . . . . . 
.. .. .. .. . . .. . . . . . . . . . . . . . . . . . . .. . . ... . . . . . . . . . . . .. .. .. . . ... . .. .. 

~-· 
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than it is to the potential vortex desired in this work .. This fact suggests 

a high degree of turbulence and indeed Eckert, and later Deissler and Perl":' 

mutter (_2), have indicated that· the degree of.energy transfer observed in 

vortex tubes can best be·explained on the ba.sis of large eddy viscosity. 

·The influence 9f viscosity on the velocity distribution in laminar vor-

tex flow is shown by Einstein and Li (_€),. Pengelley (1), and Deissler to be 

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

N · = ~/2 7r 1..L Re 
r 

where 0z. is the mass flow rate per unit tube length and I..L is the absolute 

molecular viscosity. This is also in agreement with the theory of Kerrebrock 

and Meghreblian •. When the flow is turbulent, Kassner and Knoernschild (~), 

Einstein, and .Deissler have shown that. it .is reasonable to replace the moiec­

ular viscosity with an apparent or virtual viscosity, 1.1*, which is assumed 

independent of radius. Rietema and Kragenbrink (2) derive a similar expression 

for the effect of turbulent viscosity. 

Pata on vortex flow of water as reviewed by Wilson (10) indicates that 

1.1* may be many times greater than I..L even at rel~tively low tangential. vel-

ocit~es. Shepherd and Lapple (11, 12) measured velocity distributions in 

cyclone separators and found that the exponent ·€ in the equation, 

v = t. 
·const 

€ 
:· r. 

relating the tangential velocity to the radius, varied from 0.5 to 0.7. This 

deviation from potential vortex flow, € ~ 1, can best be explained in terms 

of a relatively'high virtual viscosity. 

It is known that flow along a concave surface becomes unstable at lower 

Reynolds numbers than does plane flow, or flow along a convex surface. .. ... . . . .. . .......... . . . . . . . . . . . . . . . . . . .. . . . . . . . .. . .. . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . .. ... . ... . . .. .. . . . ..... """r ~~~ q 
{~' '-' 

This 
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was pointed out by Taylor (13) in considering rotation of-concentric cyl;_ 

inders~ and also~by Goertler (14). The Iia.ture of the instability is such 

as to generate secondary v'ortices whose axes are parallel to the surface in 

the direction of curvature. Yeh. (15) measured the velocity distribution and 

turbulent intensity in swirling flow in an annulus and found that the velocity 

gradient is steeper and the tUrbulent intensity greater at the concave wall 

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

The explanation of the eff~ct of curvature on stability in rotating flow 

lies in a consideration of the influence of centrifUgal force on a fluid par­

ticle displaced .·from·.·= its equllib:dum po~ition-, .. as discussed· .by Schlichting" '(16). 

A similar effect of -bo\iyant forces on· stability occurs when· .the .-fluid· density· · 

varies. in the· radial direction. A.stabilizingef'fect is produced.if the den-
J .. : .... , 

si ty 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 densityin a potential gaseous vortex may tend to produce a 

stabilizing effect, especially with strong internal heat addition as in a re-
" 

actor· (!.) . Experiments on the effect of a density gradient in the boundary 

layer are described in a later section. 

Thus from a· brief literature survey;· it was conciuded that the vortex· 

flow field in the vicinity of the containing tube wall would in all prob-

ability be turbulent, but that the effect of the density decrease may terid. 

to stabilize the flow in_ the inner regions. No conclusions as to the mag-

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

sui table for ;r-eactor .. applicatim1 could be reached from the available liter-

ature. Thus, the experimental program descri b.ed herein. was undertaken to ' 

provide the necessary quantitative ~ta.·. 

. . . . . 
. . . . .. .. . ... . :. . . :. : . . . . .. . ..... 

. .. . . . . . . . . . . . . . .. . 
-r .,., 09 
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ANALYSIS 

I. Gas Dynamics 

It is informative to list the i~dependent variables. likely to influence 

the tangential velocity and its radial gradient in a vortex tube, based on 

sources of information already reviewed: 

,. 

A. Geometrical Variables· 

1. Radius, r 

2. Lengt;tl, £ 

3. · Radius at pOint of no~zle ·entry, r a 

4. Diameter of nozzle; hydraulic diameter of slit 

5. Spacing and orientation of injection nozzles 

6. Radius of exit nozzle or orifice, r e 

B. Flow Variables 

1. Static pressure, p 

2. Static te~perature. and temperature gradient, T, 

3. Properties of the working fiuid: 

vi~cosity, .1-LZ density·,. p; he-at .. capacity .ratio, -y; 

molecular weight, m1 . 

.oT 
dr 

These variables are conveniently:grouped into dimensionless ratios: 

.. .. . . . . . . . . . .. . . . . . . . . . . . . ... . 
. .. . ..... . . . . . . . . . . . . . .. . ... . ... . . . . . . .. . . .. .. . . 

.. .. .. . . . . . . . . ... 
7 ~~Ci 
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M~ 
'~J 

~· 

p' 

'£/2 

T' 

= ?Jt.;2 1f I.J. 

= 2 r vt P/1-1 

v./-v r 
g 
'.c = J ·m 

l. 

r/r p 

= pjp p 

r p 

::: T/T p 

RT 

(radial Reynolds nUmber) 

. ( tange;tial Reynolds. number) 

(jet Mach nUmber) 

(dimensionless radius) . 

(dimensionless pre~sure) 

··(length-to-diameter ratio) 

(ratio of adiabatic wall temperature to 
. temperature .. of ... gas at· radius .. of..· jet 
entry·- used. when' .wall heat transfer · 
occurs) 

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

velocity i's··the~·power ·input· .per. unit; tube .lengthj:Which ·is".gt:ven as follows: · 

0:(' v 2: ..... 

(Power)·.·· =. ·. • i.: J .. : .. ft'~Ttv/sec'··ft' · 
l. 2 .g .. f 

c ". 

·Dividing by the square of the sonic velocity: 

(Power). 
. . l. 

RT .. • 
. . 1·· 
~· 

*"' ... = p = 

. 1 . 
where (pjpp) l! is the pressur~:. rati'o·across an inlet nozzle, neglecting 

(1~ 

** ;· .. ·.. . '· '· . . . 
friction; the approximation in Eq. 1 is valid to Within 10% for M. ~ 1, 

' . . . J 

.[· .. l,. . c· y'.•<·l ).· M 2] 7 : 1 
= .:·+ '2 ... . . J . 

·. . . 

. . .. . . ... 
·: ·: . . .. . ... 

.... 
. . ·: . . . 

. . . . . . ... . . . . . . ... . . ~ .. . ..... 
• • o• . •• . . . . . . . ... . 
. . . .. . . . . .. . ... . . . 
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1 :S 1. 4. The quantity p* is referred to herein as "e:ffecti ve jet input 

power", but must be multiplied by RTj/m
1 

to obtain the true amount of power 

input. 

The dependent variable is the tangential Mach number, M, as a function 

of radius. In some correlations the ratio Mp/Mj is used, which represents 

the effectiveness of conversion of the inlet jet velocity to tangential 

velocity at the tube periphery. The experimental program was directed to-

ward evaluating the effect of the independent variables on M. 

Variation in tangential Mach number-with radius is determined from a 

radial momentum balance for circular flow: 

r' = --0 
7P 
~ 
dr' (2) 

This equation is a simplified fo~ of· a more general ~xpr~ssion which.takes 

into account variation of radial and axial velocities with radius. It is 

readily shown that the radial velocity contribution is negligible for all 

conditions of this work. It is also concluded that the axial velocity 

effect is small, as discussed on page 60. Thus from Eq. 2, the value of M 

can be calculated directly from the distribution of static pressure with 

raditis by graphical differentiation. The pressure distribution is determined 

experimentally by means of' static taps drilled in the closed-off end of' the 

tube. The peripheral Mach number, Mp' is estimated by extrapolation ~ a 

plot of M (or MiM.f versus r' to 
J 

,. 
r' = r ; a thus, Mp can be interpreted as 

the Mach number at the radius of' jet entry. 

An alternative method of data ·analysis which does not require graphical 

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

in the form: 

. ... . . . .. .. . ... . . ... . . . . . . . . . . . . . . . .. . . . . . . . .. . . . . . . . . ... . . . . . .. . . . . . . . . . . . . .. . ... . ... . . .. .. . . . .... ~ q _,, 



M 
M ;, _:.R 

€ r' 

-:14-. 

where -1 < e < 1 (3) 

Substitution of Eq. 3 in Eq. 2 and int~grating gives the following relation-. 

ship between p u and r,': · 

l =.l 

1 - p' l = z ~.1 
2_ €. (4) 

Thus from the measured pressure.ratios, values of M and € can be deter.;.: 
., . . . . -.~ 

mined by curve fitting tec:hniques~ This method was used in the first 
. . . 

· e~perimental report (J); however, a''niore thorough mapping of· radial I>l:'essure 

distribution has since indicated, tha,t :Eq~ 3 is not necessarily valid. Fig­

ures 40 and 41 of the Appendix compare the two methods of data analysis for 

2. 0-in. -dia and 0 ~-6":in. -dia tubes. . A~eement of the Mp values is good for 

the 2.0-in. tubes, but the analytical method appears to underestimate signif'-

icantly M f'or the 0.6-in. -dia tubes. For the € values, little. agre·ement 
p . 

between the -two methods is evident; the analytical method predicts consist.~. 

ently lower values of' ~. for the 2.0~in. tubes, and higher values for "l?he·::·,. 

0.6-in. tubes, as compared with the graphical ~lope method. The latter method, 

although not too precise, is in principle correct and was USE!d in analysis of-

all data presented in this report. 

As .has been discussed,. the effect of-turbu;tence may be described by-sub-. . . . ·. . . . ·. . 

stituting_the v~rtual viscosity~* ·for· Ji in.the term 9Jf/2 _TI':P which appe~rs 

in the solution of the Navier-Stokes equat~ons_ for laminar flow: .... 

A = "hJ./2 T1' p * . (5) 

Einstein and ~i (§) give the solution for a two-dimEmsional incompressible 

vortex in the following form: 

. . . .. . . . . . . . . . .. .. 
... .. .. . .. .. . . . . . ..· . . . :. : . . .. . ..... 

. . . . . . . . . . . .. . 
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[A- 2(1- e-A/2) J [1- r,-(A- 2)] 

r' vt/vt,p = ----------------~~--------------------­
A (1- e-A/2 re'(A- 2))- 2(1- e-A/2) 

1 -(A - 2) + r ' 

for r' > re'' A ::f. 2; vt is the tangential velocity. It -is assumed that~* 

is constant in the derivation of Eq. 6, and that the gas leaves uniformly 

(6) 

through the exit hole. Figure 42 (Appendix) is a plot of Eq. 6 for r' = 0.5 

and for various values of the dimensionless exit radius, r '. From the ex­e 

perimental ratio of tangential velocities at two radii, a value of A is 

determined from which ~* is found from Eq. 5. The assumption of incompress-

ibility is, of course, a weakness in applying the theory to a gaseous vortex. 

Near the wall, however, where velocities are appreciably subsonic and the 

radial pressure and temperature gradients are rel~tively small, it is as-

sumed that the error in neglecting density variations is not significant. 

II. Separation 

The following equation, 'based on the analysis presented in ref 1, re-

lates the tangential Mach number at the radius of maximum mole-fraction of 

heavy component, M , to the exit mole-fraction of heavy component, x , the m e 

peak mole-fraction of heavy component, xm' the exit mass flow rate of light 

component, 17l1e, the ratio of molecular weights m~m1 , and the molecular 

diffusivity-density product at the point of ~ximum mole-fraction, (pD ) , 
12 m 

This equation is derived for laminar flow and assumes 'further that the 

mole-fraction of heavy component is small. 

. ... . . . ...... . . . . . . . . . . . . . . .. . . . . . . .. . . . . ... . . . . . . . . . . . . . ... . ... . ... . . .. .. . . 
. ... .. . . . .. . . . ... 

(7) 
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THE EXPERIMENTAL INVESTIGATION 

I. Apparatus 

The preliminary experimental work on solid~wall tubes without bleed-o~~ 

is ·covered in a previous report (]) and will be reviewed brie~ly her.e ~or 

the sake o~ continuity. FigUre 2 is a sketch o~ the 2-in.-dia Plexiglas vor-

tex tube employed in the initial work •. ,Twelve ~eed nozzles were located in 

'the wall o~ the block so as to ~orm a broken spiral of entrance jets spaced 

l-in~ axially with'90-deg rotation between adjace~t nozzles and continuing 

· the length o~ the block. The inside surfaces o~ the nozzles were honed ~lush 

w;i. th the inside diameter · o~ the tube as shown in the detail. · ·Gas was exhausted 
. . ' . . . . . . . . 

at one end through an adjustable annuiar ori~ice of Q~2_80 .. in. outside diameter. 

Two s:uch tubes were run, as describe.cL in Table I. The radial static pressure 

distribution was obtained by means o~ thirteen pressure taps drilled in. the 

·closed-o~f' end o~ the tube, as· seen at the left in Fig. 2. Helium or _nitrogen 

gas was.supplied through p~e~sUre regulators and appropriate metering devices 

to eac~ o~' the -~our supply head_ers at pressures up to 60~ p~ig. The pres~ure. 

in the;. vortex tube W~iS regulated by the exit. valve \lp t6 a_maximu.m a~ 150. ps~g. 

Differential pressures were re~d on suitable manometers and Bourdon gages. · .. 

When it became evident ~rom preliminary experiments that the ~low would 

be turb¥ent, the suggestion wa:s made (g) tha-1? experiments be conducted with<-~ 

uni~orm bleed applied to the boundary layer as a possible means o~ stabiliza.:. 

tion:. *. The ~irst porous wall mddel~ d~signa.ted 00vortex tube assembly No. 3", 

is .shown in Fig. 3 and d.escri~' i.n Tabie I. The wall of the tube was made of ·: 

. ** 
uni~ormly porous ~~ta;t, 2-in. ~inside 'diameter by Q. 25-in. wall thickness. 

* Equivalent to boundary..;la:yer suction. 
** . . . . . . 

Sintered IU,. approximately 2-micron pore s-ize, 
product of Corning_ Glass Company, Corning, New York. 

trade name "Cormet 11 

. . ' 
. . ........... ~ .. . . : : .: : ~= =~ •• .• • : : ..• : . . . . . . . . . . ... . . . .. . . . . .. . . . . . . . . . . .. -.. •.· . . . . . . . .. . . 
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PROBE TAP (4 TOTAL) 

I PRESSURE TAP 
I (13 TOTAL) 

GAS SUPPLY CHA NEL 
(4 TOTAL) 

4in . 

1------ 4 in. __ ___,.-11 

AXIAL PROBE 3-in.-dia NOZZLE SPACED 1 in., 
90° ROTATION (12 TOTAL) 

~------------- 12in . -----------~ 

Fi g. 2. Sketch of Experimen:.al Vortex Tube. 
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Tube 

. . ...... . . . . . 
. . . 

: . . 
: . . . . . ..... . . . . .. . . 
. . . . . ...... .... . . ·· ···· 

, __ ) 

f") 
r-· . -.-

No. 

1 

2 

3 

3 

3 

4 

4 

5 

Insert 

A 

B 

A 

B 

Table I. 

Fig. Tube Tube 
ref ID, 2 r Length 

(in.) P (in.) 

2 2 . 00 12.0 

2 2.00 12.0 

3,8 2.00 12.0 

8 1.00 12.0 

6.0, 3. 25, 8 0.63 12.0 

9 2.00 12.0 

10,11 2.00 12.0 

12,13 0.64 3.5 

Description of Experimental Vortex Tubes 

Injection Geometry 
Tube Wall Dia or Radial Exit Orifice Radius 

Description Description Width Position Tube Radius 
(in.) (r ') a (r ') e 

Plexiglas 12 Nozzles 0.0135 0 . 92 0.140 

Plexiglas 12 Nozzles 0.0100 0.84 0.140 

Porous Ni 0.0135, 12 Nozzles 0.92 0.0625 - 0.250 (Cormet) 0.0330 ' I-' 
CP 

12 - 164 
I 

Plexiglas 0.020 0.90 0.280 - 0.500 Nozzles 

11- 54 o. 90' Brass 0.020 0.308 - 0.525 Nozzles 0.95 

Porous Ni 12-in.-long 0 .002 1.00 0.140 (Cormet) Slit 

II II 0.002 0.92 0.140 

Brass 12 Nozzles 0.028 0 . 88 0.308 - 0.362 



...... . . ...... . . . . . .... 

····· . . ..... . . . . . . . . . . 
. . . 

...... . . . . . ...... . . 

f'· .. ) 
()j 

2- in. I 0 x 1
/4- in . WALL 

PRESSURE TAP(20TOTAL) 

POSITIONED RADIALLY 

• 

BACK-PRESSURE 

FLO W 
UST 

Unclassified 
ORNL-LR-DWG 34775 

0 .0135-in.-DIA SUPPLY NOZZLE 

( 12 TOTAL) 

Fig. 3. Porous Wall Vortex Tube Assembly No. 3. 
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and of sufficient permeability to allow up to 75% of the inlet mass flow to 

be bled-off through the wall. The tube length was 12 in. The porous material 

was estimated to have 50 to 75 ~in. finish on the inside diameter, with some 

waviness in the form of circumferential ripples. Attempts to improve the 

surface finish b,y machining caused severe plugging. Permeability character-

istics of the por ous tubes are shown graphically in Fig. 43 (Appendix). 

Gas was introduced into the tube by means of twelve nozzles arranged 

along tne tube length in identical manner to that employed in the plastic 

model. The nozzle inside diameter was varied from 0.0135 in. to 0.033 in. 

in order to vary the inlet mass flow rate; the length of the nozzle was about 

l/4 in., and the radius of entry of the jet emerging from the nozzle was 

0.92 in. The nozzles were fed in groups of three by four headers which pene-

trated the annular space around the porous tube. The tube-heater assembly 

was enclosed in a 6-in.-dia jacket which was provided with a pipe connection 

through which gas could be discharged to atmosphere, or injected. "0-ring" 

seals were used between the jacket and end flanges of the porous tube to 

enable quick disassembly and interchangeability of tube-header assemblies. 

Gas which was not withdrawn through the wall was exhausted through an adjust-

able conical exit nozzle, 0.280-in. diameter, which was contained in a re-

movable plastic plate. In some of the runs, the adjustable nozzle was re-

placed by thick orifices, ranging in diameter from l/8 to l/2 in. 

Six tubes, which penetrate the annular space radially and which communi-

cate with the inside wall of the 2-in. porous tube, were included for the 

dual purpose of measuring the wall static pressure and providing positions 

through which probes could be inserted. The radial static pressure distri-

bution was obtained by means of twenty pressure taps, 0.020-in. inside diameter, 

... 
. . . . 
. . . . . . . . . . . 'l ' 

·- b 

• 
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drilled in a flange insert which provided the end closure, as shown at the 

left in Fig. 3. Figure 4 illustrates: the layout.and radial position of the 

twenty pressure taps. 

Figure 5 is a diagram of the flow and instrument· system used to supply 

metered flow of nitrogen or helium gas, at controlled pressures.up to 600 psig, 

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

also used for runs employing subsequent assemblies. Provision was included 

for controlling and metering the flows to the individual supply headers and 

the total inlet flow. The Foxboro Corporation orifice-differential pressure 

transmitter flow indicating devices employed are accurate to within ±1%. All 

absolute pressures were measured with l~boratory-type test gages with accuracy 

better than ±l/2%. Differential pressures were measured by means of 100-in. 

mercury and water manometers connected directly to the twenty pressure taps. 

For pressure differences greater than 50 psi, a Bourdon-type ("Heise") gage, 

0 to 150 psig, was used, accurate to ±l/4%. This gage was also used for meas~ 

uring the pressure at the inside wall of the vortex tube. Bleed flow through 

the porou~ wall was measured by calibrated rotameters.(±l%) discharging to 

atmosphere. 

Provision for separation studies was included by introducing a heavy 

gaseous component into the vortex tube. This was done by diverting a small 

sidestream (1 scfm or so) of helium through a bubbler tank containing a rel-
. . . 

atively volatile·liquid, in this study the fluorocarbon CsF16• ·The gas thus 

saturate4 at a temperature a little below room temperature could be intro­

duced uniformly through the porous wall of the tube to mix with the gas in~ 

troduced ·by way. of the ·reed nozzles. · · 

. ... . . . . . . .. . . . . . . . . . ... . 
. .. . ..... . . . . . . . . . . . . . .. ' ... . . . . . . . . . . . . .. . . .. .. . . . 

. ... .. . . . . . . . . ... 
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POS 

I 
2 
3 
4 
5. 

6·.·. 
7 
8 
9 
10 
II 
12 . 
.13 
14 
15 
16 
17 
18 
19. 
20 .· •. 

RADIAL DISTANCE I 

FROM CENTER · r 

.000 b 

.041 .042 
.. 

.060 .061. 

.100· .1025 

.139. .1425 

.160.· .164 

.200 ·.205 

.240 .24.6 

.280 .287 

.320 .328 

.385 .395 

. 450 .461 

.515 .528 

.580 .595 

.645 .661 

.716 .734 

.787 .807 . 
.859 .880 
.929 .953 
.975 1.000 

UNCLASSIFIED 
. ·. · ORNL-LR-DWG-43351 

' . 

~ 3 . .·~. 

PRESSURE·TAP 
DRILL=0.020 in. dia . 

Fig~ 4. Face of Pressure Tap End Plate for 2 in. dia Tubes No. 3 arid 4. 
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VENT THRU 
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STUDIES 
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Fig. 5. Flow &~d Inst1~ent Diagram Showing Vortex ·Tuoe Assembly No. 3. 
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Figure 6 is a photograph of the instrUment and control panel showing 

the operating position of the vortex tube assembly at the center of and be-

hind the panel. Figure 7 is a closer.view of the assembly with the radial 

pressure taps at the left. Three of. the foursupply headers are also visible. 

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

are insert tubes A a~d Bused. to study the effects of decreasing tube diam-

eter. These inserts, 1-in.-ID plastic and 0.63-in.-ID brass, were made with 

2-in.-OD flanges on each end.and-appropriate·"o-ring" gaskets for end seals, 

so that they couldbe slipped into the 2-in.-ID tube without modification of 

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

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

given in Table I. The tubes were carefully polished to a mirror finish on 

the inside diameter·subsequent to drilling, and the 0.63-in. brass tube was 

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

In order to investigate the effect of subsonic, near laminar injection on 

.the ability of wall suction to stabilize the flow in a vortex~ an additional 

2-in.-dia porous-wall tube was fabricated, which is designatedtube No. 4. The 

design of this tube featured a removable wall insert piece which provided for 

a continuous injection slit along the length of the tube. Two. such inserts 

were studied. Wall insert· slit. A, shown schematically in Fig. 9 .. installed in 

tube No. 4, was designed to provide a tangential slit of about 0.002-in. width 

between the wall o:f the 2-in. porous tube and a small lip projecting into the 

tube about 0.040 in. The lip was contoured to blend smoothly with the inside 

diameter of the tube at·the tube-insert boundry, as indicated in the cross­

sectional view. The purpose of .. this design was to enable the gas to be in-

jected into the boundry layer on the inside tube wall in as nearly laminar 

. . . . . 
.. . .. . . ... . . . . . .. . . . . . . ... . . . . .. . . . . . . . . . . . . .. ... .. . . .. . ... . 

.: 
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Fig. 7. Vortex Tube Assembly No. 3. 
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INSERT "A" 

Fig. 8. Vortex Tube No . 3 and Inserts. 

.., 
I I-
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Fi g. 9. Cross -Sectional Diagram at Vortex Tube 

No . 4 - Wal l Insert Sl i t A. 
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fashion as possible and at Mj ~ 1.0. In this manner it was hoped to circum­

vent the type of disturbance introduced by the highly turbulent, supersonic 

jets employed in tube Nos. 1, 2, and 3 impinging obliquely on the boundary 

layer. 

Due to difficulty in fabrication and assembly, the boundary layer in-

jection slit was not of uniform width, resulting in large injection flow 

asymmetries. Thus, some regions of the entering flow were probably highly 

turbulent. In order to insure a more uniform aperature and to eliminate 

the lip which projected into the boundary layer and which could be a source 

of turbulence, wall insert slit B, shown in cross section in Fig. 10, was 

fabr i cated by grinding a 0.002-in. step in one face of the insert. A thin 

strip of metal formed the smooth side of the slit. In this way, the width 

was held to within ±0.0002 in. The slit entered at a radial position of 

0. 92, and blended smoothly wi·th the tube radius. The injection Reynolds 

number was 2,000, based on the equivalent diameter of the slit, for nitro-

gen flow of 10 sc~. Figure 11 is a photograph of tube No. 4-B. 

Vortex tube No. 5 was designed to study the effect of a favorable tem-

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

wall to a coolant. Figure 12 is a schematic diagram of the brass tube, 

which was 0.64-in. inside diameter and 3.5 in. in internal length, with 

1/8-in.-wall thickness. The vortex was generated by means of twelve 0.020-

in.-dia nozzles drilled in the tube wall so as to enter at a radial position 

r ' of 0. 90. The tube was polished to a mirror finish on the inside diam­a 

eter and nickel-chrome plated. The nozzles were fed by twelve 1/4-in.-dia 

tubes brazed to the tube outside diameter and joined to two 5/8-in.-dia supply 

headers. The radial pressure distribution was obtained by means of 18 taps 

. -·· . . . .. .. . ... . ... . 
~ . . . . . . . . . . . . . . .. . . . . . -. . .. . .. . . . . . ... . . . . . . . . . . . . . . . . . . . . , . ... . ... . . .. .. . . . ... . 



-30-

.002 INCH SLIT FOR 
GAS ENTRY. INSERT II B II 
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(0.020-in. drill) located in the end plug. Into these were brazed small 

diameter tubes connected to the manometer board. Gas was discharged from 

the vortex tube through a thick orifice drilled in the end seal. Thermo-

couples were provided for measurement of inlet gas, outside wall, and exit 

gas temperature . Figure 13 is a photograph of this vortex t ube. For opera-

tion with wall cooling, the tube was immersed horizontally in a container of 

liquid nitrogen. Feed tubes were insulated to minimize precooling of the 

inlet gas stream. 

II. Gas Analysis 

The separation measurements necessitated determination of the concentra-

tion of small quantities of CeF1e (perfluorodimethylcyclohexane) in helium. 

CeF1e was chosen because of its stability, inertness, volatility (35 mm Hg at 

75°F), and moiecular weight (400). Infrared analysis of the material used in 

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

used to sample the gas mixture i n the t ube. Figure 14 is a sketch of the 

probe and manipulator showing the geometry of the telescoping segments, the 

smallest of which was 0.008-in. OD, 0.004-in . ID; the largest tube in contact 

with the vortex field near the wall was 0.017-in. OD. Introduction of the 

probe caused some reduction i n vortex strength due to the additional t urbu-

lence which it generated. In comparing the experiment ally determined mole-

fraction peak position with theory, however, the probe was insert ed to the 

position pf peak reading for the experimental determination of Mm. Deflec­

tion of the probe by t he high-velocity flow was measured by a cat hetomet er, 

so that the true position of the probe tip was known for each separation run. 

ity. 

The CeF1e-He mixtures were analyzed by measuring the thermal conductiv-

Figure 15 is a schematic of the analytical apparatus, consisting of 

·: :.:· .: ·· :·: ·:· ·:· :·: . :: jr f ~J ... . . . . . . . . . . . ... . .. . . .. .. . . . ... 
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two Gow-Mac Instrument Corporation Model NRL thermal conductivity cells. An 

electronic thermoregulator was used to maintain the cell temperature constant 

to within ±O.l°F. The cells were operated at 10 em Hg abs in order to hold 

the response time to 30 sec or less for th~ small sample flows of 5 cm3/min, 

and for improved stability. The calibration of the thermal conductivity cells 

at 150 ma total cell current was found to be linear for CsF1e concentrations 

from 0.0 to 0.5%, with a slope of 10 mv/% CeF16• This system was sensitive 

to a variation in concentration of :1:2 ppm of the heavy gas, _using a Leeds and 

Northrup type~K~3 potentiometer with a.MinneapolismHoneywell null indicator 

as the re$d-out device. Thus, concentrat~ons as low as 20 ppm would be meas-

ured with accuracy of :1:10%. 

THE EXPERIMENTAL RESULTS 

I. Review of Previously Published Experimental Work 

. -
P~eliminary experimental results·in 2-in.-dia plastic tubes Nos. 1 and 

2 (see Table I) were reported in ref 3. Figures 16 and 17 illustrate the 

variatj.on in the peripheral~·tor-isentropic jet· Mach number ratio, M/Mj *, 

with mass flow rate per unit of tube length,~' for three values of the 

wall pressure, pp. Note that M/Mj* increased with.~ due to the increase 

in driviJ?.S torque. The analytical method (discussed on page 14) was used in 

determining M • 
. p * Mj was calculated from the ideal gas relationship: 

M* 
j = 

r - 1 
2 

- 1 

1/2 

. ... . . . .. .. . .. . . . . . . . . . . . .. . . . . . . . . . . . . ... . .. . . . . . . . . . . . ... . ... . . .. .. . 
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Siri:ce the nozzles converged and the pressure ratio, pjp , across the noz_. __ . ' p 

zles· exceeded the critical value, the true jet Mach number had to be less 

th~ Mj*. The true jet effectiveness ratio, M/Mj', was therefore somewhat 

greater than the value M/Mj * as plotted~ -The maximum value of Mj * was 
=-·~ 

about 2; since M. cannot be less than i.O,.the true effectiveness ratio for 
. J 

. . 

the~maximum point in Fig. 16.must lie between 0.056 and 0.13. From theory 

(!, . g) , M/M j . should be of the . order· of 6. 9~f if the flow fi~ld were laminar, 

·ll *jp. = L The order of magnitude discrepancy between the observed and thee-

retical {laminar) vortex strength is best explained by postulating a turbu­

lent flow field with p.*fp. > > 1. Experimental determination of p.*fp. is 

described on pages 70-74. 

Figures 18.and 19 show the variation of the exponent € in Eq. 3 with 

mass flow rate and tube wall pressure for vortex tubes 1 and 2. Note that 

€ was much closer to the value 1.0 for a potential (free} vortex than to 

·the value -1.0 for solid-body rotation, and that € increased with ~ 

up to t?J?{_ ~ O.Ollb/sec ft. 

II. Experiments Aimed at Boundary-Layer Stabilization 

A. Uniform Wall Bleed 

1. Supersonic Injection 

· It was estimated in ref ? that stabilization of the boundary 

layer might be possible with bleed rat:i.os, ~~ as low as unity, where 

RB is .defined as the ratio of mass flow bled-off to that which ex­

hausts·radially at the tube center. The first experimental attempts 

at stabilization by uniform wall bleed were performed using vortex 

tube assembly No. 3, illustrated in Fig. 3 and described in Table I. 

.. .. .. .. . . ... . 7 . . . 
~ 
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The results are 'summarized in Figs. 20 and 21. In these and in the 

figures to follow, Mp was detenmined from the radial pressure distri~ 

bution by the graphical slope method discussed on page 13. Nitrogen 

* gas was employed except where indicated. In Fig. 20 the ratio, Mp/Mj , 

observed with uniform wall bleed to 'that observed under similar pres-

~ure and inlet mass flow conditions but with no wall bleed is plotted 

against RB, for~ from 0.6 to 2.9. *" M. varied from 1.8 to 2.1 in 
J 

these runs. Injection Reynolds numbers were in the hi-ghly turbulent 

region. Note that, with the exception of the point at 96 psia, wall 

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

crease was less than 8% for ~ 5 3. 

In illustrating-the effect of a particular variable on the veloc-

ity variation with radius, the ratio of-tangential Mach number at 

r' = 0.5 to that at the periphery is used henceforth, in the form 

0.5 M 1 0 IM ; the choice of r 0 = 0.5 is arbitrary. This quantity r=.5''p 

is nearly 1.0 for a potential vortex, so that fractional values in-

dicate deviation from_ ideality. Use of 0.5 Mr'=O.~Mp in place of e 

to characterize the vortex velocity distribution is based on data which 
' . ' 

indicate that Eq. 3, which defines ~ as a constant, is not always valid. 

Figure 21 illustrates the effect of wall bleed on the Mach number ratio 

under discussion, normalized by comparison with zero wall bleed con-

di tions. Note that increasing th_e bleed ratio caused significantly in-

creasing deviation from potential vortex· flow. 

2. Subsonic Injection 

Failure to achieve laminarization in the first series of ex-

periments with supersonic nozzle injection may have been due, it was 

. . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .. . . .. .. 
.. . . . . . . . . . . . . . 
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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. In 

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

a single 0. 002-in. -.wide continuous slit for injecting the gas sub-

sonically and at lowReynolds number. Insert slit A provided tangen-

tial injection at r ' = 1.0, directly into the boundary layer; slit B 
.a 

WaS .mOVed away frOm the tube wall tO prOVide injectiOn at r I = 0.92, 
. a 

outside of the boundary layer. Figures·9 and: 10 illustrate these two 

geometries~ ;Figure 22 indicates that wall bleed may increase the 

peripherial Mach nl.imber, M , slightly for slit A, whereas there ap-:-. . . . p . . 

pears to· be a slight decrease in M · with wall bleed for slit B. On the 
p 

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

ratio, 0.5 M0 .~Mp' with wall bleed for slit B than for slit A. In­

jection Reynolds numbers i~ both figures ranged from 4,500 to 10,000~ 

For slit B, it is seen that, with RB of 1.5, the value of MP was de­

creased by at most 9% as compared to no-bleed ·conditions, and the 

ratio 0. 5 Mo. IMP was. also decreased by at mos·t 9%.. This means that 

a reduction in exit mass flow by a factor of 2.5 is possible utiliz-

Hig uniform w;all bleed, with little loss in local vorticity. With 

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

increased MP slightly, but the ratio 0. 5 M0 • ~MP was decreased by 

perhaps 35%. With supersonic injection,.~= 1.5 (Figs. 20 and 21), 

little change in M was observed, but the Mach number ratio decreased 
~ . 

byperhaps 25%. Certainly no significant degree of stabilization was 

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

radial velocity to improve separation, .bleed off through the wall may 

. . 
. .. . .. .. . 
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make it possible to effect a significant reduction in exit mass flow 

with little decrease in local vorticity when the gas is injected sub­

* sonically at r ' < 1.0 at low Reynolds numbers. a 

Figure 24 summarizes the effect of exit mass flow rate, ~e' 

on the ratio 0.5 M0 .,1Mp' for the wall bleed data of Figs. 22 and 

23. Note that the velocity distribution ~pproached that of a poten-

tial vortex as ~ increased, in agreement with the necessity ~hat, 

in a viscous vortex, angular momentum must be transported by radial 

convection to the inner layers of fluid to produce tangential accel-

eration. 

B. Heavy Gas Injection 

A second attempt to stabilize the boundary layer involved injec­

tion of Freon-12 {CC12F2), molecular weight 121, uniformly into the 

boundary layer through the porous wall of vortex tube No. 4-B. As 

discussed on page 10, a concentra~ion gradient of heavy gas toward 

the .wall is in the direction to produce a favorable density gradient 

in the boundary layer for suppression of turbulence. Furthermore, 

since.the absolute viscosity of Freon-12 is about 50% less than that 

of nitrogen at room temperature, the viscosity gradient is also favor-

able. The purpose of this experiment was, therefore, to determine 

whether reduction in turbulence and hence increased vorticity would 

result. 

* ·Roughness on the inside wall of the porous tubes {estimated to 
be 50 to 75 ~in~) may have been sUfficiently great to have influenced 
adversely the stabilization attempt. 
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Figure 25 illustrates the effect for a typical run with an in-

jection mass flow rate of Freon equal to twice that of nitrogen which 

was supplied to generate the vortex. The upper curve is the measured 

Mach number profile for Freon injection, under the conditions indicated. 

The lower curve is for Uniform wall injection of nitrogen at a wall pres-

sure, p , , such that the tangential Reynolds number at the tube periphe'rY,' 
p . 

as defined on page i.O, is the same as for the case of Freon injection. 

In order to correct for the fact that the effective jet input· power was 

lower for nitrogen injection, the basis of plotting for comparison pur­

poses is ~/Mj. Mj, incidentally, was calculated from the measured in­

let flow rate, the measured wall pressure, the estimated gas temperature 

* leaving the injection slit, and the known slit area. 

It is apparent f~om the fi·gure that, when compared at equal tan-

gential Reynolds numbers, heavy gas injection caused an increase in the 

value of ~j by about 35%, but the ratio 0.5 MQ.~Mp decreased by ap­

proximately 15%. Thus, some reduction in turbulent shear at the wall, 

where the density and viscosity gradient are favorable, may have been 

produced. 

C. Wall Cooling 

Density and viscosity gradients in the boundary layer which are 

favorable for stabilization can be produced by cooling the wall rela= 

tive to the gas. Based on available information (16), it is estimated 

that the ratio of the adiabatic wall temperature, Tw' to that of the 

gas near the wall, T , should be less than 0.7 for a significant effect •. 
p 

Such temp~rature ratios were achieved in an experiment which employed 

* Assuming isentropic expansion; for Mj ~ 1.0, the temperature cor-
rection is less than 10%. .. . . . .. . .......... . . . . . . . . . . . . . . . . . . . . . . . . .. . .. . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . .. . ... . . .. .. . . . ..... 
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liquid nitrogen under nucleate boiling conditions (atmospher-ic pres­

sure) to cool the wall of·0~64-in.-dia vortex tube No. 5. Nitrogen 

gas was introduced into the tube at about l0°F, and the gas leaving 

the tube was at a ·total temp_erature of -245°F .- Measurements without 

cooling showed a l0°F drop in total temperature from the outer wall 

to the center of the tube. Assuming this value to obtain also with 

cooling, the temperature of the gas near the wall was estimated to 

vary from +l0°F at the points of _gas injection of -235°F elsewhere. 

The inside wall temperature was approximate~y - 300°F. Thus the ratio 

T IT was estimated to vary between 0.34 and 0.71, depending on the w p . 

circumferential position. 

The upper curve in Fig. 26 is the Mach number profile obtained 

with wall cooling under the conditions described. The lower curve 

was obtained with no cooling, and at a pressure such as to give the 

same tangential Reynolds number at the tube periphery. The jet input 

power was the same for both runs; consequently, no correction for the 

differences in M. was required. 
J 

Note that wall cooling produced an 

increase in M of about 4o%,. with a decrease in the ratio 0.5 M0 IM 
p . . .ry·p 

of only 4%. . Apparently some reduction in wall shear was effected as 

was observed also with heavy gas injection. 

III. Experimentsw_Y!ith Axial Bleed-Off 

An alternate method of removing the excess mass flow so that the 
. . . 

allowable radial exit flow is not exceeded consisted in bleeding gas off 

axially at a radial position between the tube center and periphery. This 

was conveniently done by means of an annular ring of orifice holes drilled 

. ... . . . .. . ..... . . . . . . . . . . . . . . .. . . . . . . . .. . . . . . . .. . . . . . . · : .. ·.· : .. :·: .. · .. · : : : 

.. .. .. . . . .. .. .. .. 
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in the exit end plate. Figure 27 compares two Mach number profiles in 

* 1.0-in.-dia vortex tube No. 3-A operating with supersonic injection, M. = 2. 
J 

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

positions, r' = 0.5 and r' = 0.8, as indicated. The net bleed ratio was 13.5. 

The dashed curve was obtained with no bleed-o!"f and a-t a lowe.r i!'l.let mass 

flow rate. 

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

obtained with 2-in.-dia tube No. 4-A, M. < 1.0. Mach number profiles are 
J 

plotted for axial bleed-off at r 8 = 0.6, RB = 4.2, and at r' = 0.975, ~ = 1.6. 

Also shown.is a profile obtained with uniform wall ~leed, R = 1.5J and a ref­
B 

erence profile obtained without bleed-off. 

The axial bleed data are summarized in Table II. Note that in the 1.0-in.-

dia tube with supersonic injection, bleeding axially resulted in a decrease in 

0.5 MO.~p of 15% for a decrease in ~by 7.5. In the 2.0~in.-dia tube with 

oonio inJeotinD, the maximum decrease in the ratio is 7% for a decrease in ~ 

by 2.3. The value of Mp/Mj was not appreciably affected by axial bleed-off 

whe11 compo.red at equeJ. values of PJJ'(. and p . It is concluded that axial bleed-
·l p 

off and uniform wall bleed. may both be effective means for removing the excess 

mass flow in vortex reactor application. 

IV. Geometrical Effects 

A. Tube Diameter 

Experiments were performed with 0.64-, 1.0-, and 2.0-in.-dia vortex 

tubes. Figure 29 summarizes the diameter effect for effective jet input 

. 102 p* f 1 0 d 3 l lb./ ft d f 11 f power, , o . an • ~8ec· 1 an or wa pressures, p , o 
p 

89 and 108 psia. The plotted values of M have been adjusted sl.ightly 
p 
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TABLE II • . . . . . .. . ...... 
Tube . : . 

Tube· m. . . . 
·····~ Diameter, ~ ...... a . No. (in.) 

(lb/sec ft) . . 
. . . 

3A 1.0 0.0540 ..... . . 
. . ······ 4A 2.0 0.0650 . . . . . ... . . . . . . . .. ...... 

4A 2.0 0.0650 .... . . . . ....... 
3A 1.0 0.0280 

4A 2.0 0.0285 

UNCLASSIFIED 
ORNL·LR·DWG. 40755 

SUMMARY OF AXIAL BLEED-OFF DATA 

0.5 M~~o.s m Bleed M ., pf? MPIM;, Posit ion, RB ·e 1 
(lb/sec ft) , M.* (ps 1a) Mp/M .* MP r 1 . 1 

0.0037 0.800, . 13.5 2.0 50 0.25 0.57 
0.500 

0.0125 0.600 4.2 1.0 60 0.21 0.74 

0.0250 0.975 1.6 1.0. 64 0.18 0.84 

0.0280 No Bleed 0 2.0 67 0.185 0.67 
(Reference) 

0.0285 No Bleed 0 0.43 50 0.20 0.80 
(Reference) 

' V1 
OJ 
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from the experimental values to. allow for variation in Mj frqm point 

to point. The two reference values of Mj chosen are 0.6 and 1.0. Note 

that the value of £/2 rp for the 1.0-in. -dia tube WaS twice that for 

the other tubes; however,· as indicated in Fig. 30, the length/diameter 

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

a•given effective input power and p~essure, decreasin,g the tube diameter· 
. . . 

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

' 
tion in tube diameter from 2.0 in. to 0.64 in. produced an increase in 

M by a factor of 1. 7 to 2. 1. This . occurred most likely because of 
·P . 

· decrease in tangential Reynolds number with resulting decrease in tur-

bulent viscosity~ The effect· of tub.e diameter will also be evident in 
~~ 

several of the data .plots to b.e disc~sed in later sections. 

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

tube No. 3-·13, .a.na .are shown in Fig. 30, where the value of M p 
.. . 

is cor-

rected to Mj = 0.6 as discussed in connection with Fig. 29. No effect 

of length on the corrected Mp value was evident, over the range -of 

£/2 r from-5 to 18. This is an indication that the flow is essen-.. p 

tially two dimensional, as is assUmed in the theorectical derivations. 

C. Radial Position of Gas Injection 

The best comparative data are those for tube No. 4 with continuous 
~~-

. ,;. .... 

injection at r ' = 1.0 (insert slit A) and at r 8 = 0.92 (insert slit B). a .. • a .. 

As Fig. 31 indicates, slit B produced values of M/Mj about 45% higher ·· 

than slit A. A similar result was foun.d for nozzle injection, from 

which it is concluded tha.t the injection radius ratio, r 0 shoUld not 
a ' 

.....•... . . . . . . . .. . .. . . . . . . .. . . . .. . .. 
.. . ... . .. . . . . . .. . . . . . . ... 

. .. . . . . . . . . . . . .. . . . . . . 789 G, ..... 
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exceed 0.95; data obtained with rv < 0.85 also.showed inferior per .. a 

* forma.nce. raf values of o. 90 to o. 92 appear to be near optilil\lm. 

V. Experimental Investigation of the Effects of Important Flow and System 

Variables 

A~ Mass Flow Rate per .Unit Tube Length 

From a ~omparison of data for sub- and supersonic .injection, the 

following observations can be made: 

* 1. Jet effectiveness ratios MpfMj and_M~j. increa~ed with 

mass flow rate at constant tube wall pressure. 

2. Jet effectiveness ratios were greater by a factor of about 

two for 0.6-in. tubes' as compared with 2.0-in. tubes at equal 

~ and p , for both sub- ~nd super~onic inje~tion. 
p . .. 

3. The ratios for subsonic injection were from two to three times 

greater than for supersonic injection, for a given tube diam~ 

eter, mass flow rate, and pressure. 

4. With subsonic injecti"on, values of the ratio as high as 0.60 

were observed. 

Values of the Mach number ratio 0 •. 5 M0 1M which characterizes the 
• 0 5' ·-p 

deviation from a potential velocity distribution scattered more or less 

ra.ndomly when plotted against mass !'low rate;, the actual values of the 

ratio ranged from 0.66 to 0.98. Consequently, the velocity distributi•ons 

in the vortices generated were closer to that of a free vortex than to 

* From shadow observations. of Freon-12 injection, it was found that 
the jet 'of gas entering the vortex tube was deflected 12 to 20 deg from 
the axis of the nozzle, due to-the angular-contour of the nozzle exit. 
This results in an effective reduction in inlet jet radius. 

. ... . . . .. .. . . . . . . . . . . .. . . . . . . . . . .. . . . . . . . . . . . . ... . ... . . .. .. 
... . . ... . . . . .. . . . . . . . . . . ... 
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that,. of .solid body rotation, as was. concluded also in -ref 3. 

B. Jet Injection Velocity 

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

which shows that the ratio decreases monotonically with increasing jet 

velocity for constant tube diameter, effective jet input power, and 
. . . * wall pressure. It is concluded from these·data that the more closely 

the jet veiocitymatches the tangential velocity at the pe~nt of jet 

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

ducing rotation, since less Of the energy is dissipated in slowing 

doWn. the jet. 

c. EffectiV~--Jet Input Power 

This quaJ;J.tity, defined by Eq. 1, appears to correlate the combined 

effect of mass flow rate and injection velocity. M is plotted against 
p .. 

* P in Fig. 33 for three tube diameters. The lines drawn for-0.6~in. 'and 

2.0-in.-dia tubes connect points of constant wall pressure. These data 
. . * . . . 

indicate that M increases with P to approximately the 0.42 power when 
p . . . 

no correction is made for variation in Mj;_ if there were complete con-
... 

version of the inlet jet kinetic energy to tangential kinetic energy, M 
'. ;• p 

* would vary with P to the 0.5 power. A peripheral Mach n~ber of o.49 

·was measured in 0.64-in."-dia tube No. 5 at a wall pressure 83 psia, 

M. = 0.9, and an effective power input of 4.4 x 10-2 lb/sec·ft. ·The 
J 

··data also indicate that to achieve ·the seine MP in a·2.0-in.-dia tube at 

-· * . . . . the same wall pressure requires increase in P by a factor of about 3c.: 5·. 

* Constant jet ~nput power .with· incre_ asing_. Mj. is obtained by de..: "· 
creasing . 1/z_ • . 

.. .. . ... . . . . . . . . .. . . . . . .... 
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D. Wall Pressure 

Increasing the wall pressure, p , increases the tangential Reynolds 
p 

number and, as will be shown, ·the virtual viscosity ~ncreases. Thus, it 

is not unexpected that .the peripheral Mach number decreased with increas-

ing p , as illustrated in Fig. 33. A value of M = 0.5 was obtained in a 
p p 

0.6-in.-dia tube a pp = 20 ps~a, 102 p* = 2.1. Tb obtain the same Mach 

nUmber at 83 psia, for example, required an increase in the effective jet 

input power by approximately a factor of two. This is also illustrated 

in Fig. 34 which is a plot of p* versus pp for 0.6~in.-dia tubes at 

several fixed values of ~· 

E. Peripheral Tangential Reynolds· Number 

This paramet~r is defined as the product of tube diameter, tangen-

tial velocity at the tube periphery, and density at the tube periphery, 

divided by absolute viscosity: 

N = 
Ret ,p 

2 r vt p m1 p ,p p 

~ RT p p 

Peebles and Garber (!I) found this definition to be valid for vortex 

flow in a sphere, and the Reynolds number so defined should be an 

important similitude parameter. To test this hypothesis, a summary 

performance.chart was constructed with the effective jet input power 

as a function of Reynolds number for data of 64 runs, including tube 

diameters of 0.6, ·1.0, and 2.0 in., nitrogen and helium gas. Figure 35 

is such a chart. The observed range in M of from 0.11 to 0.50 is 
p 

divided into seven subranges for convenience. The lines fanning out 

from the origin represent linear approximations to the data for each 
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Mach number range; the data cover Reynolds numbers from 4 x 104 to 

1.6 x 106 • It is inferred from the chart that to maintain constant 

tangential Mach number with increase in Reynolds number re.quires an 

approximately proportio~ate increase in input power. A discrepancy 

in 'the result's is appa+ent f'or 0.30 < M < 0.38, since at constant 
. ' . . . p . 
* . 

NRe , increasing P causes a decrease in the observed Mp' whereas 
t~ * 

outside this range .the. expected increase withP is found. More pre-

cise measur~ents are needed to res.olve this discrepancy. Nevertheless, 

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

gential Mach·numbers at Reynolds numbers. of practical interest; say 

NRe ~ 1.0 x 106
, will require lar~e input power unless some means 

t,p 
can be found·for effective suppression of tUrbulence. 

VI. Determination of Virtual Viscos-ity 

. It has been suggested that failure to achieve higher vortex strengths 

is due to turbulence which increases the effective viscosity and thus the 

shear drag. From.velocity data obtained in two-dimensional vortex flow, 

estimates of the virtual viscosity, 11*, can be made by application of Eq. 6, 

which relates the ratio r 1 vt/vf.,p to A = 'h{_j2 11' 11* and the exit radius, 

r 1
• This equation is plotted as Fig. 42 in the Appendix. Sixty-four runs 

e 

were analyzed by determining A and-he~ce.ll*.from the observed ratio 

* 0. 5 vt · 1 _ 0 lvt • Three tube diameters (0.6, 1.0, and 2.0 in.) and two 
,r :- .5' ,p 

gases {nit~ogen and helium) were represented. Mass flow. rates covered by the 

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

tube wall pressures f'rom 2.5 to 120 psia, and effective jet input powers 

* * . The value of ~ so determined actually repres~nts~ an average value 
over the range 0;5 < r 1 < 1.0. 

7 "-{ 0 '7 ·'"' ~;:} ·tb 
. .. .. .. . . .. .. . . . . . . . . . . . . . . . . . . . •· . . . . .... . . . . . ... . . . . . . . . .. .. . . . ... . .. . 
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from 0.2 x 10~2 lb/sec•ft to 5.0 x 10~2 lb/sec•ft. No runs involving bleed-

off, injection, or wall cooling were included, however, nor were any data 

included for supersonic injection •. 

The combined re~:~Ul.ts for all three tube sizes l:l,r~ summarized in Fig. 36 

with the ratio of virtual viscosity to molecular viscosity plotted against 

peripheral tangential Reynolds number. The least-squares line is also shown. 

Note that at the lowest Reynolds number, 4.x 104 , the experimental virtual 

viscosity is already thirty times the molecular viscosity, and at the highest 

Reynolds number, 1. 6 x 106
, the ratio. is increased to nearly 700. Thus, the 

conclusion that the flow is turbulent appears well founded. The data of 

* Peebles (ll) .indicates similarly high values of .1-1 for aqueous vortices. 

* Table III is a summary of the results of linear regression analyses 

of all data combined, as plotted in Fig. 36, and also of the data for the 

0.6-, 1~0=, ~d 2.0=in.~dia tubes separately. Note from the last two columns 

that only the 1.0-in.-dia data fails to correlate significantly at the 95% 

confidence level. . The equations for the least=squares· -lines show -variation 

in the Reynolds number exponent from 0.66 to 0.86, .omitting the 1.0-in.-dia 

data from consideration. The value of 0.86 for the combined data is· con~. 

sistent with results of the Martinelli analogy (18) for turbulent pipe flow· 

which predicts a variation in eddy thermal diffusivity. with NR to the 0.9 e. 

power. The diffusivity in pipe flow is not constant with radius, however, 

as assumed in ref 6 for vortex flow. 

Scatter of the points on th~ ~*/1-1 versus NRe plot is shown by the 
t,p 

wide 95% confidence bands calculated for -the coefficients and exponents of 

the least-squares equations. The least scatter and highest degree of 

'* Linearized by plotting on log-log paper. 

. .. . . . .. .. . ...... . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . ... . . . . . . . . . . . . . . . . . . . .. . ... . . .. .. . ..... 
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Fig. 36. Variation of Ratio of Virtual Viscosity to Molecular Viscosity 
with Peripheral Tangential Reynolds Number; 0.6, 1.0 and 2-in. Dia Tubes; 
N2 and He Gas. 
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correlation were observed for the o.6-in~ tube diameter data. 

The estimates of critical Reynolds ~timber listed in the sixth column of 

the table were obtained by linear extrapo,lation of the least-squares lines 

(log-log plot) to a value ~*jp = 1. Because of the wide 95% confidence bands 

and the long extrapolation involved, little significance should be attached 

to the actual numerical values of the. estimates; the general conclusion that 

the critical Reynolds number in vortex flow is quite low is probably valid, 

however. As a matter of fact, Peebles, from a theoretical analysis of boun~rY 

layer flow~ found that the Reynolds number as defined in this report is the 

· proper one to characterize vortex flow and, furthermore, postulated that the 

critical Reynolds number may be approximately 2,000. The results of this 

study lend support to Peebles' postulate. 

VII. Separation Experiments 

Preliminary separation studies reported in ref 3 were inconclusive, due 

in part to the possibility of condensation of the heavy trace gas which was 

injected through the nozzles along with the helium under conditions conducive 

to droplet formation. In order tq eliminate such condensation, several runs 

were made with the heavy gas, CsF.1.e (m2 = 4oo), injected as a- very dilute mix= 

ture with helium unifor.mily into the periphery of the vortex tube through a 

porous wall.· Two-in. -dia tube No. 3 was employed. Descriptions of the sam-

pling technique and gas analysis system are given on pages 33 - 37; The 
. . 

sample probe Was introduced at the mid-point of the tube. To reduce the pos-

sibility of condensation due to the radial cooling effect, the mole-fraction 

of heavy gas at the concentration peak was limited ·to a·value below saturation 
,· 

at the temperature .which the:gas would attain by isentropic expansion from 

. . . . . . . . . . ... .. 
. ... . .. .. . .. . . . .... . .. . . . . . . . . . . ... . . . . . . . . . . . .. . ..... 

. ... . 
c • • • . ... 

' . . . . . . . . ... . 
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conditions at the periphery. Based on vapor pressure data for CeF1 e (12), 

the peak mole-fraction was maintained below 1 x 10~4 (100 ppm) • 

. From.an.examination of Eq. 7, it is seen that the Mach number, M, at m 

the radius of maximum mole-fraction varies direc:t;ly as the square root of 

the exit mass flow, and inversely as the square root of the molecular dif-

fusivity. In view of the small magnitude of the diffusivi:t;y of.CeF1e in 

helium near room temperature, Eq. 7 can be satisfied for values of M which 
m 

are experimentally feasible only if the exit mass flow is low. Thus, it 

was necessary to resort to a system for bleeding off the.excess flow. In 

four of the experiments reported here, bleed-off was axial; in one, a 

0.017-in.-wide slit in the tube wall, extending the length of the tube, 

served for bleed-off. 

Table IV summarizes the operating conditions and results for five 

typical separation runs. Note the large bleed ratios employed, and that 

injection was supersonic. Figure 37 illustrates separation profiles for 

runs 3 and 4, with the ratio of mole-fraction CeF1 a at r' to that at the 

tube wall plotted against the radial position, r', of the ·sample probe. 

Run 3 shows a distinct peak at r v = 0.15, with rapid d.rop off at lower 
m. 

radii, for axial bleed-off at r 0 =.0.25 and 0.40, RB = 15.6. With bleed-

off at ~~· = 0.4 and ~ = 4.8, run 4 shows a weaker peak at rm' = 0.17. In-
' I 

creasing the bleed ratio to 17.5 resulted in slight outward shift of the 

peak posi.tion to r ' = 0. 21, as ~;;~~n in Fig. 38. It must be ,_m(IP.rstood 
m 

that the observed intensities of peak formation may be appreciably weakened 

by the local influence of the probe itself, although the peak position may 

be only slightly altered. 

. .. . . . .. .. 
• • • • • w • • . . . . . . . . . . . ... . . . . . . . . . . .. . ... . . .. .. 

.. . .. .. . . . . . . . . .. . . ..... 
O·" u.L 
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.. UNCLASSIFIED 
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TABLE IV. SUMMARY OF OPERATING CONDITIONS AND RESULTS FOR SOME 
He-C 8 F 16 SEPARATIONEXPERIMENTS IN 2~in.-dia VORTEX TUBE No.3 

Parameter 
Experimer:'t Number 

2 3 4 5 

Inlet He Mass Flow Rate, ln 1 . 0.028 0.030 0.023 0.013 0.030 
{lb/sec ft) · ' 

Bleed Ratio, R B 11.3 17.5 15.6 4.8 9.4 

Inlet Jet Mach Number 2.0 2.1 1.9 2.3 2.2 
{Isentropic), M .* 

' 1 

Exit Diameter, 2r {in•) e 0.250 0.250 0.221 0.221 0.250 

Bleed-Off Posit ion, r' 0.40 0.40 0.25, 0.40 1.00 
{axial) {axial) 0.40 {axial) {wall slit) 

Wa II Pres sure, p p {ps ia) 55.6 53.0 

Observed Mole-Fraction Peak 0.15 0.21 
Position, r · 

, 
m 

Observed Mach Number at r : M · .. m m 0.64 0.55 

Observed Ratio of Ex it Mole-Fraction 
to that at r ', x /x m e m 

Calculated M {Eq. 10) 
m 

Ratio of Observed M to Calculated · . m 
M 

m 

. . .. . . . . . . . .. . . ..... 
.. .. . . . . . . . . . . .. . . . . . . ... . . . . . -· . . . . .. .. . . .. . 

{axial) 

56 •. 3 40.8 40.8 

0.15 o.f7 0.11 

0.70 0.48 0.70 

0.5 0.67 

0.58 0.81 

1.2 0.87 

739 82 
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In run 5 bleed-off was radiallY<:,outward through a single continuous wall 

slit, and the heavy gas was injected through three of the twelve nozzles. 

Droplet formation may have occurred, therefore, causing uncertainty in the 

profile in the region between r' = 0.4 and the wall. 

'In run 1, depicted in Fig. 39,.the heavy gas was introduced axially 

through four of the pressure taps at the closed end of the. tube_, at radial 

positions between r' = 0.2 and r' = 0.32. Bleed-off was axial at r' = 0.4. 

Note that the gas was swept inward toward a peak at r' = 0.15, with little 

back diffusion. A similar result is re~rted in ref 3. The dashed curve is 

the corresponding Mach number profile obtained with the sample probe inserted 

to r ' = 0.15. 
·m 

Table IV compares observed values of M obtained with the sample probe m 

inserted tor .o with values calculated from Eq. 7 for.runs 3 and 5 in which 
m 

experimental measurements of the exit mole-fraction, x , were made. An ex-e . 

perimental value of molecular diffusivity, D12, for CeF1e in helium of 0.247 

± 0.050 cm2/sec at 80°F, 1 atmosphere was obtained. This value was corrected 

by assuming an isentropic temperature drop between r' = 1.0 and r' = r ', 
m 

using the relation D1a- T1 •75 . Note that the observed and calculated values 

of M agree sufficiently well to support the applicability 9f the equation. 
m 

Apparently, considerable suppression of turbulence occurred near the tube 

center, otherwise the molecular diffusivity would not be expected to apply. 

. .. . . . . . . . .. . . . . . . . . . ... . 
. .. .. . . . . . . . . .. . . . . . . .. . . .. .. 

.. . .. . . . . . . : . . . . 
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Fig. 39. Separation Profile for He-CsF16 Mixture in 2-in. Dia Vortex 
Tube No. 3 and Corresponding Mach Number Profile. 

739 8-8 . .. . . .. .. .. . . ... . . . . . . . .. . . . . . . . .. . ;, . . . .. . . . . . . .. . . . . . .. . . . . . . . . . . .. . . .. .. . . .. . ... . 



.• 

-81-

ERROR ANALYSIS 

Static pressure was the basic quantity measured; from the radial static 

pressure gradient, tangential Mach 'numbers were obtained by graphical dif-

ferentiation: 

r' ~· 
= 'Y p' dr' 

This equa~ion neglects radial and axial velocity components,.but it is 

(2) 

doubtful that the error thus introduced amounts to more than a few per cent. 

The relative radius r.' at which a particular static pressure tap was 

located was known to within ±0.5%. Differential pressure measurements were 

accurate to better than ±1% of the measured 6p, and t~e absolut~ tube wall 

pressure was known.to ±0.5%. Thus the p' ratios are known to ±1.5% or better. 

The largest errors asso~iate~ with the application of Eq. 2 involve those of 

fitting the correct curv~ to the p'-r' data, and interpreting the slope of 

the curve graphically as a function of r 0
• It is estimated very approximately 

that er;rors in measurement of dp'/dr' of up to =*15% are possiple. Thus the 

observed value of M may be in error. by ±8.5% if the errors accumulate. 

An additional error results from extrapolation of the velocity profile 

to r' = r ' to obtain the peripheral Mach number, M . This error is generally a . p 

small for the 2.0=in.=dia tube data, say.±5%, but may be as large as ±10% for 

the 1.0- and 0.6=in.-dia tube data due to increased scatter in the p' values 

near the wall. Thus the values of M reported might be in error by as much . p 

as ±13% for 2.0-in.-dia tubes, and by as much as ±18% for 1.0- and 0.6-in.-dia 

tubes. The corresponding maximum errors in the ratio 0.5 No.~MP are ±21%~ 

and ±26%, respectively. Of course, the expected.errors are less than these 

maximum values. 

. .. . . . .. .. . . . . . . . . . . . . . . . . . ... . . . . . . . . . .. . ... . . .. .. 
... . . ... . . . . .. . . . . . . . . . . . . . ... 
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Errors in measurement of mass flow rate were probably of the order of 

±2%. M. can be determined to within ±8%. Thus the effective jet input 
J 

power, ~ Mj 2 , may be in error by as much as 18%. The tangential periph-

eral Reynolds number, 2 r vt p /IJ. , may be in error by at most ±15% and p ,p Jf I p 

±20% for 2.0- and 0.6-in.-dia tubes, respectively. 

In view of the magnitude of possible errors, the degree of scatter of 

the data is not surprising. Specifically, the wide spread of the data in 

Fig. 36, in which the virtual to molecular viscosity ratio is plotted as a 

function of NRe , may be explained by consideration of errors in determina­
. t,p 

tion of the velocity ratio, 0.5 vt,O.~vt,p' which is derived from 0.5 M0:~ 
M • Because of the nature of the relationship between the virtual viscosity 

p 

and the velocity ratio, Fig. ·. 42 (Appendix}, errors in the latter quantity of 

say ±25% are multiplied to represent errors of forty to as much as several 

* hundred per cent in the estimated value of IJ. ; the more nearly the velocity 

distribution approaches·that of a potential vortex, the larger is the un­

certainty in IJ.*· It is for this reason that the values of critical Reynolds 

number listed in Table III are order-of-magnitude estimates at best. 

. . . 
. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .. .. . . .. . 
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CONCLUSIONS AND RECOMMENDATION$ 

The princ:i.ple aim of this fnvestigation was to ascertain the nature of 
. . . 

flow in a jet-driven.vortex tube with emphasis on the measurement of vortex 

strengths at low mass flow· rates. A secondary aim was the study of separa-

tion of a lignt and a heavy gas. The following conclusions summarize the 

experimental resUlts pertinent to these aims: 

1. The flow field in the outer region of the vortex tube (r 0 > 0.5) 

was highly turbulent for all conditions of this .. study. It is estimated that 

laminar flow·in a 0.6-in.-dia near-sonic-jet-driven tube operating at room 

temperature would not exist at mass flow rates of interest for pressures in 

·excess of a few tenths psia. It is further estimated that, at·conditions of 

practical interest for reactor application, the tangential Reynolds number 

may be·as much as 103 times the critical.value. 

2. Reduction in the turbulent wall shear drag was effected by heavy 

gas injection and by wall cooling. 

3. Turbulent vortices of strength adequate for cavity reactor applica-

tion will require jet input powers appreciably greater than the minimum· 

value required with laminar flow. Because of the high inlet mass flow rate·· 

required, some method for removal and recirculation of the excess flow is 

necessary. Uniform wall and axial bleed-off techniques show promise in· this 

regard·. 

4.: The significant independent variables .which affect the vortex 

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

length,·and wall pressure. Combinations of variables which appear to cor­

relate ~he data include r ?Jt.i Mj 2/2, the effective· jet input power, and 

2 r vt p /~ ,·the tangential peripheral Reynolds number. 
P ,p II' P . ... . . .. .. . . . . . . . . . .. . . . . . . . . ... . . . . . . . . . ... . .. . . .. .. 

. . . .. . . . . . . . . : . 
-')9 r .) ·= 
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5. Subsonic injection was more-effective ::i.n generating vorticity than was 

supersonic injection f'or a given jet input power. 

6. Agreement of' the observed concentration peak position f'or separa-

tion of' CsFJ.e-He mixtures with theory f'or laminar f'low is good. This f'act 

sugges-ts that, near the center of' the vortex tube where the peak developed, 

the radial density (pressure) grad-ient may have been sufficiently strong to 

suppress turbulence. 

Since the results of' :this experimental,study have shown that the vortex 

· f'low field at conditions. ·of' interest f'or reactor. application probably will 

be turbulent and since the original.analysis assumed laminar f'low, it is 

apP,arentthat the influence of'. turbulence' on reactor feasibility must be 

evaluated. This wili req.uire a study of.the ef'f'ect of' turbulence on separa-

tion. Specifically, it is recommended that separation studies be.carried 

~ut f'ir~t at a sufficiently low pressure and high temperature to insure 

laminar f'low; as the pressure is raised and turbulent transition takes place, 

any ef'f'ect on separation should be readily detected. 

Re~exam:ination of' cavity reactor performance should also be carried out 

analytically; taking into. account. turbulence and the energy required f'or re-

circulation of' the excess ma~s f'low. 

It must be emphasized that the conclusions reached here are based pri"':' 

marily on the experiments at room temperature with no internal heat genera"':' 

tion and with internal de~sity gradients as produced by the vortex motion 
\ 

alone. The poss~bility is suggested in ref' 1 that internal heat generation 

combined with the p~oper concentration profile might produce a sufficiently 

strong inter~l den~ity gradient to stabilize the f'low. There is experimental 

evidence that strong <;lensity gradie.nts in-the boundary layer produce some 
.. . .. .. .. . . .. . . . . . . . . . . . . . •· . . . . 739 . . . .. . . . . . . . . . . . .. ... .. .. . .. s·o 
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stablilizing effect. There is also evidence that stabilization may occur near 

the center of the vortex tube where the static pressure gradi:ent is high. 
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