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ABSTRACT
1

An experimental investigation into the gas dynasmics 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 separation 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 dismeter, 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 variation in tangential velocity with radius. Virtual
(total) viscosities near the periphery ranged from 30 to 700 times the
molecular viscosity for tangential Reynolds numbers of from 4 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 required to main-
tain the vortex strength, and if turbulence does not appreciably limit the
separation process. A separation experiment at elevated temperature appears

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

7/2 T p.*., dimensionless

molecular diffusivity, ft?/sec

gravitational constant, 32.17 lbm-ft/(sec)a-lbf
tube length, ft

tangential Mach number, dimensionless

molecular weight, lbm/ib mole

mass flow rate per unit of tube length, 1bm/sec~ft ‘
Reynolds number, dimensionless

effective jet input power, ¥ 4b[i MJ%/E (lbm/sec.ft) o,
static pressure, psia

gas constant, 1545 ft-lbf/lb'mole-°R

bleed ratio, dimehéionless

radius, ft

ahsnlute static temperature, °R

velocity, ft/sec

mole fraction of heavy coﬁponent,.dimensionless
heat'capacity ratio, cp/cv'

absolute (molecularj viséééity, lbm/ftosec

virtual (total) viscosity, lbm/ft°sec

density, 1pm/ft3
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NOMENCLATURE (continued)

Subscrigts

a jet entry position
e exit

i inlet

J Jet

m peak mole fraction
o] upstream of nozzle
jo) periphery

r radial

t tangential

1 light gas

2 heavy gas
Superscripts

€ exponent in M = Mp/r'e

!

denotes value divided by the value at the tube periphery
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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 (1). 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, Yiscous retardation becomes highly significant.
The experiments described in this report, which are a continuation of pre-
liminary work previously published (3), were performed to determine the
nature of the flow in jet-driven vortei tubes under conditions dynamicallyl7
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 fiel@ by application of such well=known
techniques as uniform boundary-layer bleed and wall cooling. No significant

eftect of bleed on vortex strength (tangential peripheral Mach number) was

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

3.0. It was possible, however, by injecting theaéas into the tube at suffi-
ciently low Reynolds and Mach numbers (continuous slit injection) and by -

bleeding uniformly through a porous wall to effect a reduction in exit mass
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flow by a factor of four with less thﬁn 25% decrease in local vorticity.
Some increasé in vortex strength was measured with extreme_wgll cooling, in-
dicating reduction in turbulenf'wail shear. ILaminarization waé not acﬁiéVédz
however. |

Another prémising technique vwhich was employed for femoval of the ex-~
cess mass flow iﬁvolved bleeding axially through an annulsr ring of orifice
holes at the end of the’vortex tube. In one-experimént, a reduction in exit
mas5‘£ggﬁ by a factor of 7.5 wésjefféCted with 15% decrease in local vorti¢ity.

A sizable portién df'the.éxperiméntal effort was dévoted to a systematic
study of the effecﬁs~on‘ﬁurbulént ﬁortex strength of -certain key variables. .
_ These inelude primarily:

l; ‘tpbe diameter,
é;_ mass%flow rateAper unit tube iength{
3. .jet.injeétion.veloéity,
k. wall pressure. o

Fdr_example,»déc:ease in tube‘diametef from 2.0 toAO°61+-in° produced an in-
Créasefin~vortex.strength of ﬁp to a factbr'of twb. Vortex strength also '
incfedsed with inéreasingimass:flow rate. Expefiments on the effect‘of in-
jectiqnvvelocity shoﬁed.that stfoﬁger vortices were gene#ated for subéénié'_
than forléupersonic injeqtion,“forfthe saﬁe inputbpower.] In one run with &
0.64-in, -ID ‘tube, a peripheral tangential Mach numbg?c_' , Mp ,.0f 0.49 was
attdiﬁed using nitrogen gas at a tﬁbe wall pressure of 83 psia; the jet Méch"
number ﬁas 0.9 and the mass flow rate QL083 lb/geCfft,, The analysis of T
Kerreb;ock and Meghreblian (i)_indiqates that values of M§~Qf at least 0.5

will pe.required for VOrtex reactor application.
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A quantity which was found to correlate -the combined effect of mass
flow rate and injection velocity is the effective jet input power, which is °
proportional - to the product of mass flow per unit tube length and the square
of the jet Mach number. The data indicate that vortex strength increaseés

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, vas found to be a valid similitude o
parameter. It is concluded that to achieve high tangentlal Mach numbersfat
Reynolds numhers.of practical interest for vortex;cavity reactor application
will requlre appreciable re01rculation, unless some means can be found for
effectlve suppress1on of turbulence° Re01rculation technlques are d1scussed
in ref 2. | |

In order to determine the degreerf turbulence in vortex flow, eStimates
of v1rtual v1scosity have been made from the experlmentally determined vari-
ation in tangentlal veloclty w1th redius. It was found that the v1rtual v1s-
cos1t1es near the perlphery ranged from 30 to 700 tlmes the molecular v1scos1ty
for Reynolds numbers of from h X lO4 to 2 x lOe° Since Reynolds numbers in
excess of l X lO6 are poss1ble in the actual applicatlon, it is apparent that
turbulent shear drag w1ll be the prlnciple factor limlting the attainment of
high vortex strength. o

A final phase of the experlmental program 1nvolved measurements of the’
separatlon proflle of a heavy fluorocarbon vapor in hellum, ut111z1ng a direct
sampllng technlque and thermal conduct1v1ty gas analys1s Ax1al bleedeoff was
employed to reduce the ex1t mass flow to a value permltted by the rate ‘of 'aif-
fusion of llght through heavy gas. It was found that the measured concentra-

tion peak pos1tlon agreed reasonably well w1th theory based on a laminar

analysis (l, ;), indicating that turbulence must be effectively suppressed by
:oo . :oo :. -’"‘: {‘:') CQ
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the large density gradient in the central regionvof the tube where the peaks
developed This. study leaves unanswered the question of the effect of tur- . 4
,bulence near the periphery on the pos1tion and- intensity of the separation:

peak at,larger radii.

,'I,N’TRODUC'TION‘ , o

The poss1b111ty of developing & high performance nuclear. rocket engine
utilizing dlrect energy exchange between a low molecular weight - propellant
and a flssionlng gas or plasma was considered by Kerrebrock Meghreblian,
and:Lafyatls'1n:refs.l.and--‘2.° ‘Itx1s*generally:concludedtthat=somesmeans,;

for preventing.loSs“of”fiSSionablewmaterial~durihg=operationwistreuuiredﬁin"

order (a) to keep the mean molecular welght of the exhaust gas low and thus _ )
to. keep: the. velocity and specific: 1mpulse h1gh and. (b) to maintain: criticallty o o

w1thout‘excessmvevexpendlture;ofafuel “As:is, pointed out. in:-these: references,
a possible method of4c0ntainment involves use of a'centrlfugal field toﬂcounter'
the tendency:for.the7fuel to be swept'out.with the propellant. .By~proper bal;
ance between these oppos1ng forces, it should in princlple be p0351ble to hold
the fissionable material as a concentrated gaseous "cloud" away from the wall
of the containing vessel<so that very high temperatures could be reached 1n.
the gas without exceeding allowable wall temperatures o

Flgure l is a conceptual sketch of a single vortex tube, as presented
in_ref 1. A low molecular weight gas is 1ntroduced tangentially, producing

the vortex motion. The light gas flows splrally 1nward diffu51ng through

¥

the cloud of heavy f1$$1onable gas and absorblng the fiss1on heat The anal;
ysis presented by Kerrebrock and Meghreblian (l) 1nd1cated the feas1b111ty

of the vortex containment scheme “for laminar flow. 'In a later report (2),

29
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Fig. 1. A Unit Vortex Cell wita Integral Nozzle,
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the poss1bility of maintaining 1aminar flow by application of uniform wall
suction was considered. No attempt. was made to estimate the effects of
turbulence on the vortex flow or on the separation process

In order to fulfill criticality requirements in gaseous cavity re-
actors, it is. necessary that:the denSity ratio of figsionable material to
propellant be large in'theﬂcloud region and that the-propellant pressure

be high, as shown 'in .ref. 2. The 51gnif1cance of these facts:is that high

B 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‘difquional»velocity of
propellant,through the CIoud,limits the exit mass flow,rate~to.a very low
value. There is obViously a limit also on the amount of energy which can
be expended in maintaining the vortex. These factors impose severe limita-
tions on the operation.of gaseous vortex-cavity reactors.
Aniexperimental-program was consequently initiated to ascertain the
nature of the flow in a gaseous vortex operating at room temperature under
conditions estimated to be dynamically similar to those corresponding to
high temperature operation, The first question which had toibe answered ex-
perimentally was whether vortices of adequate strength could be generated
With the low mass flow rates (of the order of 0.01 lb/sec ft) vhich can be
tolerated by the difquion process. A preliminary report (3) on the 1nitial
phase of the study has been published,'in which it was concluded_that due
‘to turbulence, the retardation of the vortex motion in a s1mple, Single-pass
tube (Fig l) is so severe as to prevent formation of vortices of sufficient

strength for vortex reactor application.

* e
-i.e., no bleed-off and recirculation of propellant.
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Since it was confirmed experimentally that the flow field in & simplé
vortex tube would be turbulent, the next part of the‘experimgntal program,
described in deteail in this report, consisted of a series of experiments
in which an attempt was made to ﬁroduce laminar vortiéés° Methods of sta-
bilizing the shear layer on the concave wall which were investigated in-
clude boundary-layer bleed-off through & uniformly porous wall as suggested
by Kerrebrock (2), injéction of a heavy gas uniformly through a porous wall,
and wall cooling. These techhiques have been usedléuccessfully 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 radisl positions be-
tween the tube center and wall, so that thé exit radial flow is held to én- .
allovable rate, based on diffusion considerations. The flow bled off would;
of coursé, represent a reciréulatingAsidenstream, - . myoan

‘Measurements of the effects on vortex strength of mass flow rate, in-
Jjection velocity, tube geometry, and pressure are described in this report.
Estimates of eddy viscosity from the experimental velocity data are presehted,_

Preliminary attempts, described in ref 3, to ascertain the rédial éona
centration distribution of a heavy gas were at best qualitative. Quantita-
tive measurements of the radial distribution of CgFig in helium using
improvéd techniques are'describéd in tﬁis report. |

v‘As has been iﬁdicated, the organization of the experimental program was
such as to survey the effects of many variables. The'prinqiple cfitefion
used in evalﬁatiﬁg a'péfticﬁlar variable'is its effect on the magnitude of
the peripheral fangential Mach‘nuﬁber, Mp (also referfed to'héfein aé the

vortex strength), and on the variation in tangential Mach number, M, with

o 47
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radius. Use of Msch.number-is.couvenient since a simple.relationship exists
betueen the §gngential‘MEch.number at the point of maximum mole fracfion_of ' w
heavy_componeni,’the-mass flow,rate;:aud properties of the gaseous mixture.
.Experiments were_conducted_near_room.tempersture for simplicity. The simil-.
ifude parameters considered'to_oe ofopriuCiple importance in vortex flow, as
defined by Kerrebrock and‘others,:are: '

lr'dradial.Reynolds number,.r-vr‘p/h-= 7&/2 T, -

2. faugential'Reynolds number, 2 'r'vt o/u,

3. inlet jet Mach number, Mj.

Note that the.radial: Reynolds ‘number- is: 1ndependent of: radius: when: tempera-sV'
ture effects: are neglected, the. tangentlal Reynolds number' decreases; with -
radius.

IniSummary;athepobjecﬁiveSsofwthe~£ﬁitialIexperimentalrprogram“wereﬁto“--
: determine:theﬁhaturenof:floWFin*sggaseoussvortexﬁandzto;delineatenthe:imporérv =
tant'variables*and”their:efféctstoh uorfeX'strength; It is hoped that the
results presented here will be useful in guiding the course of future analyt-

_1cal and experimental work

LITERATURE REVIEW

It is to be expected'that the msjority of references. in this field hdre
to do w1th "Ranque-Hilsch tube" theory and performance, in whlch the concern
is prlmarlly that of- explalning the observed temperature effects Further-:

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

17

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

nett.(&),.the-radial veloc1ty distrlbution is closer to solld-body rotatlon-
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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 (5), have indicated that the degree of energy transfer observed in
vortex tubes can best be explained on the basis of large eddy viscosity.
-The influence of viscosity on the velocity distribution in laminar vor-
tex flow is shown by Einstein and Li (_6_),_ Pengelley (7), and Deissler to be

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

NRe;. = Nf2mp

where 77| is the mass.flow rate per unit tube length and u is the absolute
molecular viscosity. This.is also in agreement with the theory of Kerrebrock
and Meghreblian. When the flow is turbulént, Kassner and Knoernschild (8),
Einstein,,and.Deissler have shown that it is reasonable to replace fhe molec-

ular viscosity with an apparent or virtual viscosity, u*, which is assumed =
i

independent of radius. Rietema and Kragenbrink (9) derive a similar expreésion,
for the effect of turbulent viscosity.

| Data on vortex flow of water as reviewed by Wilson (10) indicates that
p* may be many times greater than u even at relatively low tangential vel-
ocities. Shepherd and Iapple (11, 12) measured velocity distributions in

cyclone separators and found thst the exponent - -€ in the equation,

v o comst
t €
T

relating the tangential velocity to the radius, varied from 0.5 to O.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 Q9ei plane flow, or flow along & convex surface. This
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was pointed out~5y TaYIor»(£3) in considering rotation of‘concentric_cyl; Lo
inders, and also by Goertler (;&). -The nature-of the instability is such
as to generate»seCondaryfVortices whoée axes_are_parailel to the surface in
the direction of cur{rature.' Y-ehf (15) measured the velocity distribution and
turbulent intensity in-swirling flow in an annulus and found that the velocity
. gradient is steeper and thé turbulent ihtensity greater at the concave wgll
than at thé convex wall. Thus, shear stfess is greater on the concave wall.
The explanation of the effgét of curvaturelon'stability in rotating flow
viies.in a consideration of the iﬁfluence.of centrifugal force on a fluid par-
ticle displaced from-its equilibrium;pbéition3nasadiscussedﬂby Schlichting (16).
AHA similar effect of bouyant forces ..ori’stab'ilit‘yf occurs when the .fluid density
varies in the radial directién. ’A,étabilizingveffect is produced .if the den-
sity decresses in a direction oppoéite'fpithe-directionAof the centrifugalim*
~field; i.e., density must'decreasé with,decrease in=radius-for~stability.»fThe
raﬁid-decrease in densityfin_a potentié;‘gaseous vortex may tend to produée éw
stabilizing effedt, especially with’strqng internal heat addition-as in a re-
actor (1). Experiméntsvon the éffect‘of a density gradient in the boundary =
layer. are deécribed in a later section. - |
Thus from a‘brief'literé£ure'survey,'it waé concluded that'the-vortex-‘
flow field invthel§icinity of the contéining tube wall would in all prob-
ability be turbulent,'but.that the effect 6f the density decrease may tend
to étabilize the flo; in the inner regiohs. No conclusions as to ﬁhe mag-
nifude of the effect of turbulen¢e on the vortex strehgth under conditions f
suitable for reactorhapplicatioh:could be reached from the available liter-
atﬁre. Thus, the experimental program described herein was unde:taken to”

provide the necessary quantitativé data.’
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ANALYSIS

I. Gas Dynamics

It is informative to(list;the independent 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.

‘\
Fﬂ oo

Radius, r

Length, £

-Radius at point of nozzle entry, ry

Diameter of nozzle; hydraulic diameter of slit
Spacing and orientation of injection nozzles

Radius of exit nozzle or orifice, r

Flow Variables

Inlet mass flow per unit tube length, 5
Exit mass flow per unit tube length, 77Le
Injection jet velocity, vj'-‘ ’

Injection jet temperature, Tj

C. System Variables

1.

2.

These variables are convenieﬁtlyigrouped into dimensionieés ratios:

Static pressure, p

Static temperature and temperature'gradient, T,

Properties of the working fluid:

oT
dr

viscosity, p; density, p; heat capacity ratio, 7y;

molecular weight, m;
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Np, = Mf2 vy " (radial Reynolds number) )
r SO :
Npe =21V, p/hz . " (tangential Reynolds number)
MJ C o= (jet Mach number)
r' = (dimensionless radius) .
p' = (dimensionless preséure).u
i/é TS S - : " "(length-to-diameter ratio)
T =-Tw/Tn . (ratio of adiabatic wall temperature to
P . temperature - of:-gas: at -radius. .of. jet .
' entry — used. when:wall heat :transfer = -
occurs) ‘
A very importantAquantityj@érivablg.from the mass flow rate and jet )
velbcity;isathe#power~inputaperﬂunitrtubéLIength,uwhich“iSﬁgivenxasnfollowsr'
. .4b(w.v;2*:i _ :
(Power); = ——m=e . P16 /5éc-Pt
‘Dividing by the square of the sonic velocity:
- " ‘ :“_ ) 2 _i .
(Power), . . 770 My
RT, .
y g —3- 28,
e m, .
(Power) , y 7, M2 _ I
. . 20 T - S * o~ . * \
TR S T = P =7 In -(po/pp) : (1)
b 2 A 4 :
Ty - |
P . _ .
where (p&/pp)@ is thé pressure ratio across an inlet nozzle, neglecting
friction; the approximation in Eq. 1 is valid to within 10% for M, <1, -
** . L N . ;__J;I
V' o= AR 2|17 -
(po/pp? [1 + ( 2 M }
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7y £ 1.4. The quantity P* is referred to herein as "effective jet input
power”, but must be multiplied by RTJ/'m1 to obtain the true amount of power
input.

The dependent variable is the tangential Mach number, M, as a function
of radius. In some correlatioﬁs the ratio Mp/l,‘d'j 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 independenf variables en M.

Variation’ih'tangential Mach'number-with'radius is determined from a
radial momentum balance for circular flow:

rl
ypﬂ

|5

M= = < o (2)

o8

This equetion is a eimplified form bf'e more generai expreesion which.takée
into account variation of radial and axial velocities with radius. Tt is
reedily shdwn'thet the radial veiocity contribution is negligibie for all
conditions of this work. It is also concluded that the axial velocity
effect is smell, as discussed oh page 60. Thus ffom Eq. 2, the value of M
can be calculated direcfly from the}diétribution‘of static pressure with
radius by graphical diffefehtiation. The‘pfessure distribution is determihed
experimentally by means of static taps drilled in the cldsed-dff end of the
tube. The ﬁeripheral Mach number,'Mp, is estimated by extrapoiation of a
piot of M (or M/ng versus r' to r' = ré} fhus, ﬁé can be interpreted as
the Mach number at the radius ef jet entry.

" An alternative method of date'analysis which does not require graphical
differentiafion assumesrthaf the variation of M with radius can be expressed

in the form:

B W a4 e~
._‘»ELJ T
- . 3 ﬂ
) Wiy ) —_—t
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‘Moo —R vhere -1'<e<1 - (3)

Substitution of Eq. 3 in Eq. 2 and integrating gives the following relation-.

ship between p' and r's.

et 7 221 g2 1 ) | . ey
1 -p - 2 € Mp ( roae’ l o (&)

Thus from the measured pressure ratios,lvalues of M# and € c&n be deteré‘
mlued by curve fittlug teehulques This method. was used in the first.
‘experimental report,(;)j however,:awmore thoreugh»mspping,of radial pressure -
distribution has since iﬁdicated»thqt*qu 3 is not necessarily valid. Fig-
ures 40 and 41 of the Appendix,compsre the two methodslof data analysis fer
2. O-in-—dia and O-6=in -dia tubes Agreement of the Mp values is good for
the 2.0-in. tubes, but the analytical method appears to underestlmate s1gn1f-
icantly M for the O. 6 -in. udla tubes - For the € values; little agreement
between the two methods is: ev1dent, the analytlcal method predicts con81st-

-ently lower values of e, for the 2,0=in. tubes, and hlgher values for the"ﬁ

0.6-in. tubes,_as:compsred with the graphical slope method. The latter method,

a}though not too precise, is in principle correct‘and*was used’in.snalysis'bf‘

all data presented in'this.report. ’ o
As has been diseussed,,the effect of:turbu;enee may be described by sub-

stituting'the.virtual yiscosity g%-fgr'Vﬁ in_the term 4%/2Aﬂ:p Awhich appeérs

in the solution of the Navier=Stokes'equations for leminar flow:
Let. . m/e Tu . - (5)

Einstein and Ll (6) give ‘the solution for a two—dlmen51onal incompress1ble

vortex in the follow1ng form:

&
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[A - 2(1 - e”A/Q)} [1 L (A - 2)}
22 (1 Y re.(A - 2)> Lo - M2

for r' > re', A:¥'2; Ve is the tangential velocity. It is assumed that p¥*

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

fem(B -2 e

through the exit hole. Figuré 42 (Appendix) is a plot of Eq. 6 for r' =lq.5
and for various values of the dimensionless exit radius, re'. From the ex-
perimental ratio of tangential vélocities at two redii, a value of A is
dé@ermined from which ﬁ* is found from Eq. 5. Thé éssumption of incompress-
ibility is,.of courée, a weakness in applying the theory to a gaseous vortex.
Néar the wall, however, where velocities are appreciébly subsénic and the
rédial pressqre and temperature éradients are relaéivély small, it is as-
sumed that the error in neglecting dénsity variations is not significant.
IT. SeEaration . ’
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, Mm’ to the exit mole-fraction of heavy component, X the
peak mole-fraction of heavy éomponent, xm, the exit mass flow rate of light

component, ﬁhzle, the ratio of molecular weights mz/hl, and the molecular

diffusivity-density product at the point of maximum mole-fraction, (lea)m,

M2_ ’7)?,1e (l'xe/x;n)

"oew (lee)m (mz/ﬁl -7

. | (7)

This equation is derived for leminar flow and assumes further that the

mole-fraction of heavy component is small.
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THE'EXPERIMENTAL INVESTIGATION

I; -Apparatus

The preliminary experimental work on solldwwall tubes w1thout bleed-off
is covered in a previous report (3) and will be rev1ewed briefly here for
‘the sake of continuity Figure 2 is a sketch of the 2- 1n»ad1a Plex1glas “VOor-
~ tex tube employed in the initial work . Twelve feed nozzles were located‘in
’the wall of the block so as to form a broken spiral of entrance Jjets -spaced
l-in, 'ax1ally w1th 90-deg rotatlon between adJacent nozzles and continulng :

‘the length of the block The 1ns1de surfaCes of the nozzles were honed flush

with the 1ns1de diameter of the tube as shown in the detall Gas was exhausted

at one end through an adgustable annular orlfice of 0 280=1n outs1de dlameter
Two.such tubes were run, as describedaln Table I, The radlal statlc pressure

distrlbutlon was obtalned by means of thlrteen pressure taps drilled in. the

;closed-off-end of the tube,‘as'seen at,the left in Fig. 2. Helium orpnitrogen

gas wasﬂsupplied.through pressure regulators and appropriate metering devices
to'each offthelfour-supplylheaders atipressures up to 600 psig The pressure'
in the vortex tube wes regulated by the ex1t valve up to a maximum of lbO pSlg
Differential pressures were read on suitable manometers and Bourdon gages."T

When;it became evident from preliminary experiments that the flow would -

‘be turbulent?:the suggestion was made (2) that experiments be conducted with =7

' uniform‘bleed applieddto the boundary'iaYer as a possible means of stabiliza-

T o R ' R . . : ) )
tion. The first porous wall model, designated “vortex tube assembly No. 3",

is shown in Fig. 3 and describeﬁinhTahie,I.._The wall of the tube was made of *

' v U 2 . o 4 y
uniformly porous metal, '2—in.finside‘diametervby 0.25-in, wall thickness:

Equlvalent to boundary layer suctlon

Slntered Nl, approximately 2-micron . pore s1ze, trade name "Cormet
product of Corning Glass Company, Cornlng, New York v,m

S on . .5 . . ees ®
. %% L)
, . . . . . I ¢ e
. - . .
.. e
ee vee

N
BN



®ecnee
.
seve
eessce
s e o
. .
®eee
. .
. .
esseee
.
.
LR

o o
esene

.
. . o
ee o
scceoe
sesves
. o
.
sesses
sescne
e o o

.
sesens
.

!

f
0.920 in.
]
L 4 in. ._l
PROBE TAP (4 TOTAL)
AXIAL PROBE 0.013-in-dia NOZZLE SPACED f{in.,
PR:igS#(?TiJfP _\ \ 0° RCTATION (12 TOTAL)

_? 2.000-in-dia BORE.

__ﬁ___\

Unclassified
ORNL-LR-DWG 32566

GAS SUPPLY CHANN
' (4 TOTAL)

EL

Fign 2.

12 in. 1

Sketch of Experimental Vortex Tube.
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Table I.

Description of Experimental Vortex Tubes

Injection Geometry

Tube Fig. Tube Tube Tube Wall Dia or Radial Exit Orifice Radius
No. Insert ref ID, 2 r Length Description Description Width Position Tube Radius
(in.) P (in.) (in.) (ra') (re')
oo, 1 2 2.00 12.0 Plexiglas 12 Nozzles 0.0135 0.92 0.1%0
f..0.0 2 2 2.00 12.0 Plexiglas 12 Nozzles 0.0100 0.84 0.14%0
Porous Ni 0.0135, _
e 3 3,8 2.00 12.0 (Cormet) 12 Nozzles 0.0330 0.92 0.0625 — 0.250 .
R (00)
e 12 — 16k '
:.:". 3 A 8 1.00 12.0 Plexiglas Nozzles 0.020 0.90 0.280 - 0,500
3.25, 6.0, 11 — 54 0.90, 3
3 B 8 0.63 12.0 Brass vl s 0.020 0.95 0.308 0.525
%:k: Porous Ni 12-in.-long
I A 9 2.00 12.0 (Cormet) S1it 0.002 1.00 0.140
L B 10,11 2.00 12.0 = " 0.002 0.92 0.1%0
5 12,13 0.6k 3.5 Brass 12 Nozzles 0.028 0.88 0.308 = 0.362
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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 pin. finish on the inside diameter, with some
waviness in the form of circumferential ripples. Attempts to improve the
surface finish by machining caused severe plugging. Permeability character-
istics of the porous tubes are shown graphically in Fig. 43 (Appendix).

Gas was introduced into the tube by means of twelve nozzles arranged
along the tube length in identical manner to that employed in the plastic
model. The nozzle inside diemeter 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/h 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. "O-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 1/8 to 1/2 in.

Six tubes, which penetrate the annular space radially and which communi-
cate with the inside wall of the 2-in. porous tube, w&re 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,
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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'ond radisl 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 vorte# tube. Assembly No. 3 is 1llustrated, but the same system was
. also used for runs employing subsequent assemblies,. Provision was included
for controlling and metering the flows to the individusl 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 laboratory-type test gages with accuracy
better than il/é%. Differential pressures were measured by means of 100-in.
mercury and water manometers connected directiy 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 il/h%. This gage was also used for meas-
uring.the‘pressuro at the inside wall of the vortex tube. Bleed flow through
the poroug‘Wall was measured by calibrated rotametors.(il%)Adischarging to
atmosphere; A o

Provision for separation studies was included by.introduoing a heavy
gaseous comﬁonent into tho vortex tube. This was done by divertihg a small
sidestream (1 scfm or so0) of helium through a bubbler tank contalning a rel-
atively volatlle liquid, in this study the fluorocarbon CeFla° The gas thus
saturated at a temperature a little below room temperature could be ihtro—
duced unlformly through the porous wall of the tube to mix W1th the gas in-

troduced by wey of the feed nozzles.
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o000 |0
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4 |00 1025 |
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0 | 320 _ 328
385 395
12 | 450 46|
3 515 528
4 | 580 595
5 | 645 661
6 | 716 734
7 | 787 807
8 | 859 880
9 929 953
20 | 975 1000 |

.Fig;

'PRESSURE TAP
DRILL=0.020 in. dia’

i, Face of Pressure Tép End Plate for 2 in. dia Tubes No.. 3 and k4.
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0-600 L - %VENTTHRU

TRACE GAS GENERATOR
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| g » TO"FREON"INJECTION SYSTEM
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FE-FLOWELEMENT (AP TRANSMITTER
AND ORIFICE)

Flow and Ihstrwnent Diagram Showing Vortex Tube Assémbly No. 3.'
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Figure 6 is a photograph of the instrument anu 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 theAassembly with the radial
pressure taps at the left, - Three of the four-supply‘headers are also visible,

Vortex tube No. 3 is shown in the upper portlon of Fig. 8. Also shoun'
are insert tubes A and B used to study the effects of decrea51ng tube diam-
~ eter. These 1nserts, 1-in. -ID Plastic and 0. 63 in.-ID brass, were made with
2-in.-0D flanges on each end ‘and. appropriate "0-ring" gaskets for end seals,
.so that they could be slipped into the 2-1n;-ID‘tube without modification of
' the latter. The injection nozzles eonsisted.of a series of holes driiled
directly in the'insert uall. The looation, size,'and numbet.of nozzles is
given in Table I. The tubes were carefully pollshed to a m1rror finish on
the 1ns1de diameter- subsequent to drllllng, and the O. 63 -in. brass tube was
nickel-chrome plated to give a hard, smooth surface.

- In order tovinvestigate'the effect of subsonic, near laminar injection on

- the ablllty of wall suction to stabllize the flow in a vortex, an additional

- 2-in. -dia porous-wall tube was fabrlcated which is de51gnated tube No 4, The

design of th;s tube featured-a removable wall 1nsert piece which provided for
a continuous injection siit along the length of tne tube. Two . such inserts
were studied, ‘Wall insert slit A,’-shown schematicelly in Fig. 9 installed in
tube No 4, was des1gned to prov1de 8 tangentlal slit of about 0.002-in. width
between the wall of the 2-in. porous tube and a small lip projectlng into the
tube about 0.040 in. The 1lip was contoured to blend smoothly with the inside
diameter of the tube at-the tube-insert‘bOundry, as'indicated in the cross-
sectionsi view, The:purpose'ofzthis design was to‘enable the gas to be in-

Jjected into the boundry layer on the inside tube wall in as nearly laminar
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Fig. 8. Vortex Tube No. 3 and Inserts.
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] ! POROUS NICKEL
TUBE No. 4 (2"dia)

Fig. 9. Cross-Sectional Diagram at Vortex Tube

No. 4 — Wall Insert Slit A.
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fashion as possible and at M, < 1.0. In this manner it was hoped to circum-

J
vent the type.of disturbance introduced by the highly turbulent, supersonic
Jjets 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
fabricated 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 with the tube radius. The injection Reynolds
number was 2,000, based on the equivalent diameter of the slit, for nitro-
gen flow of 10 scfm. Figure 11 is a photograph of tube No. L4-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
l/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
ra' of 0.90. The tube was polished to a mirror finish on the inside diam-
eter and nickel-chrome plated. The nozzles were fed by twelve l/h-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
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Fig. 10. Cross-Sectional Diagram at Vortex Tube

No. 4 — Wall Insert S1lit B.
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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 tube. For opersa-
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.

IT. Gas Analysis

The separation measurements necessitated determination of the concentra-
tion of small quantities of CgFis (perfluorodimethylcyclohexane) in helium.
CgFie was chosen because of its stability, inertness, volatility (35 mn Hg at
75°F), and molecular 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 in the tube. 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. 0D, 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 in vortex strength due to the additional turbu-
lence which it generated. In comparing the experimentally determined mole-
fraction peak position with theory, however, the probe was inserted to the
position of peak reading for the experimental determination of Mﬁ. Deflec-
tion of the probe by the high-velocity flow was measured by a cathetometer,
so that the true position of the probe tip was known for each separation run.

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

ity. Figure 15 is a schematic of the analytical apparatus, consisting of
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two Gow-Mac Instrument Corporation Model NRL thermal conductivity cells. An
electronic thermoregulator waé used to maintain the cell temperature constant
to within #0.1°F. The cells were operated at 10 cm Hg abs in order to hold
the'respénse tiﬁe to 30 sec or less for the small sample flows of 5 cms/min,
and for improved stability. The calibration of the thermal conductivity cells
at 150 ma total cell current was found to be linear for CgFis concentrations
from 0.0 to 0.5%, with a slope of 10 mﬁ/% CeFis. This systém was sensitive

to a variation in concentration of 12‘ppm of the heavy gas, using a Leeds and
Northrup type:K-3 potentiometer with a_MinneapolissHoneywell null indicator

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

ured with accuracy of %10%.

THE EXPERIMENTAL RESULTS

I. Review of Previously Published Experimental Work

Preliminary experimental results in 2-iﬂx;dia plastic tubes Nos. 1 and
2 (see Table I) were reported in réf 3. Figures 16 and 17 illustrate the
variﬁtion in the peripheral-to-isentropic jet Mach number ratio, MP/MJ*’
with mass flow rate per unit of tube length, 77(, for three values of the
wall pressure, ép.‘ Note that MP/MJ* increased with,ﬁaz‘due to théiincrease
in driving torque. The analytical method (discussed on page 14) was used in

determining Mp. M.* was calculated from the ideal gas relationship:

J
y =1 _1/2

[
()7 -

AT 1
. l W 1)
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Since the nozzles converged and the pressure ratio,’po/bp, across the ndzéi
zleg exceeded the critical value, the true jet Mach number had to be less

théﬁ'Mj*. The true jet effectiveness ratio, MP/MJ; was therefore somewhat

%
J

about 2; since Mj cannot be less than i:o;ﬁthe true_éffectiveness ratio for

greatei than the value Mp/Mj* as plottéd;'jTﬁé maximum value of M.,” was
the maximum point in Fig.-l6,must';ie between 0.056 and 0.13. From theory
(;,:é), Mp/ijshould be of the_order‘of'0;§§iif.#he flow fiéld were laminar,
,uf/p = 1. The'order-of magnitude discrebancy,betwéen the 6bserved and theo-
réﬁical (laminar) vortex.strength,is best explained by postulating & turbu=
" lent flow field with u*/u > > 1. Experimental determination of p*/u is
‘déscribed on pages 70-7&.'
Figures l8<and 19 show the variationAothhe exponént € in Eq. 3 wiﬁh

mass flow rate and tube wall pressure fof'voitex tubes 1 and 2. Note that
. € was much closer to the vglue 1.0 for a potential (free) vortex than to
‘fhelvalue -1.0 for sdlid—body rotation, and that € increased with 5313

up to 77 ¥ 0.01 1b/sec £t.

IT. EXperiments Aimed at Boundafy-Layer Stabilization

- A, Uniform Wall Bleed
1.. Suﬁersénic Injection
It was estimated in ref 2 that stabi1ization of the boundary
layer might be possible with bleed raiiés, RB,vas low»as unity, where
RB isﬂdefined as.the ratio of mass flow bied-off to that which ex-
hausté‘radial}y at the tube'centefQM Thégfirst experimental attempté
at stabilizatibp by uniform wall bieed were performed ﬁsing vortex

tube assembly No. 3, illustrated in Fig. 3 and described in Table I°,
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The reéﬁlts are summarized in Figs. 20 and 21. In these and in the
figures'to follow; Mp was determined from the radisl pressure distri-
bution4by the graphical slope method discussed on page 13. Nitrogen
gas was emplbyed'except where indicated. In Fig. 20 the ratio, MP/MA*,
observed with uniform wall bleed>to'that observed under similar pres-
sure and inlet mass fiow conditions but with no wall bleed is plotted
against Ry, for Ry from 0.6 to 2.9. Mj*' varied from 1.8 to 2.1 in
these runs. Injection Reynolds numbers were in the highly turbulent
fegion. 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 Ry < 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
o,sAMr,=on 5/Mp; the choice of r' = 0.5 is arbitrary. This quantity
is nearly 1.0 for a potential vortex, so fhat fractional values in-

dicate deviation from ideality. Use of 0.5 Mr 5/Mp in place of €

'=00

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-
ditipns{ Note that increasing the bleed ratio caused significantly in-

creasing deviation from potential vortex flow.

2. BSubsonic 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, fo & high degree-qf turbulence iﬁduced in the boundary layer
.by-oblique impingement of ‘the jets of supersonie turbuient gas. In
ofder to test fhis hypothesis, vortex tube No. 4 was fabricated with
a single 0.002-in.ewide eontinuous slit for injectihg the gas sub-
sonically and at low’Reyﬁolds number. ihsert slit A,provided tangen-
tial‘injection at ré' = 1.0, directly into the boundgry layer; elit B
was moved avay ffoﬁ the tube wall to provide ipjection at ra‘ = 0.92,
outéide of the beundary layef. 'Fiéure3'9 an&ﬁlo.illuetrate-these two
_ geometrles )Flgure 22 indicates that wall bleed may increase the

perlpherlal Mach number,‘Mp, slightly for sllt A whereas there ap-

pears to:be'e slight decrease in M~ w1th wall bleed for slit B. On the

"other hand Fig. 23 1ndlcates a smaller decrease in the Mach number |
ratio, 0.5 MO 5/M , with wall bleed for slit B than for slit A, In-
jeetion Reynolds numbers 1n both flgures ranged from 4,500 to 10,000,
For sllt B, it is seen that, with RB

ereased by at most % as compared to no-bleed condltlons, and the

of 1.5, the value of Mb was de-

retio O;S.MOOS/MP was-also decreased by etfmeS£ 9%. This means that
a reduetfon in exit mass fiow by a fector of 2.5 is possible utiliz-
ihg'unifor@ wall 5leed, with 1little loss "in iocel vorticity. With |
beundary-layer injection, sliﬁ A, decreaSe'in exit mass flow by 2.5
ihereased Mp(slightly, but tﬁe ratio O.S‘MO.S/MP vas deereased by
perhaps 35%. With ;upezjspnic injection,. RB = 1.5 (Figs. 20 and 21),
" little change in Mp'was,observed, buﬁ-the Mach number ratio decreased

byAperheps 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.sepafatiqn,-bleed off through the wall may
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make.it possible_tq effect a significant reduction in exit mass flow

with little decféase iﬁ loéal Vofficity when the gas is.inJectedAsﬁb-

sonically at ra' < 1.0 at low Reynolds numbers.* |
Figure 2k summarizes the effect of exit mass flow rate, M s

on the ratio 0.5 MO-S/MP’ for the wall b;eed data of Figs. 22 and

23. Note that the velocity distribution gpproached that of a poten-

tial vortex as 1ble'increaééd, in agreement with fhe necessity ;Haﬁ,

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

convection to,the'ipner 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 (CClzFz), molecular weight 121, uniformly into the
boundary layer through thé porous wall of vortéx tube No. 4-B. As
discussed on page 10, a concentration 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.i 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
whetper reduction in turbplence and hepce increased vorticity would

result.

* ‘ ,

‘Roughness on the inside wall of the porous tubes (estimated to
be 50 to 75 pin.) may have been sufficiently great to have influenced
adversely the stabilization attempt.

—d
Lo
£

XYY
XY 1)
.

.
®oee
sevee
.
seese

.o

.0
(XX ITX)
esssne
seeses
XXX T
. o
.
cevess
. .

XY Y]



-

UNCLASSIFIED
'ORNL-LR-DWG 40719

1.0

55|.
®
N5 GAS.
@ INSERT SLIT A
® INSERT SLITB
0.9
3 59
P, =89 psia '
\m | ’ . @
) 108
o ® 108
ReX:! "
§\
.0
(@]
65
88
& @
N 55
07 8
0.6 - | |
o) 0.01 0.02 0.03

7. , EXIT MASS FLOW RATE (1b/sec - )

Fig. 24. Mach Number Ratio, 0.5M.-= /MP vs. Exit Mass Flow
Rate; 2.0-in. Dia Tube, Uniform Wall Bleed, M < l ‘0, Tube No. L.
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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 injectibn, under the conditions indicated.
The lower curve is for uniform wali injection of nitrogen at a wall pres-
sure, pp,.Such that the tangential Reynolds number at the tube periphery,
as defined on page 10, is the samé as for the case of Freon injection.

In order to correct for the fact tﬁat the effective jet input power was
lower for nitrogen injection, the basis of plotting for comparison pur-
poses i; M/Mj' Mj’ incidentally, was calculated from the measured in-
let flow rate, the measured wall pressure, the estimated gas temperature
leaving the injection slit,f and the known élit area.

It is apparent from the figure that, when compared at equal tan-
gential Reynolds numbers, heavy gas injection caused an increase in the
value of MP/Mj by about 35%, but the rqtio 0.5 MO,S/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.

d. 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 iﬁformation (;é), it is estimated
that the ratio of the adiabatic wall temperature, Tw’ to that of the
gas near the wall, Tp, should be less than O.7 for a significant gffectr

Such temperature ratios were achieved in an experiment which employed

*
Assuming isentropic expansion; for M

3 < 1.0, the temperature cor-
rection is less than 10%.
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iiquid nitrogen under nucleate boiling conditions (atuospheric pres-
sure) to cool the wall ofrO;éh-in,-dia vortex tube No. 5. Nitrogen
gas was introduced into the tube st abeut 10°F, and the gas leaving
the tube wes at a -total temperature of -245°F. Measurements without
ceoling showed ; 10°F drop in total temperature from the‘outer wall
to the center of the tube. Assuming this value to obtain aiso with
cooling, the temperature of the gas near the wall was estimated to
vary fram'f10°f at ihe‘joints-of~gas injection of -235°F elsevhere.
The inside wall temperature was approximafely -300°F. Thusnthe ratio
Tw/Tp was estimated to vary between 0.34 and 0.71, depeuding on the
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 Reynolas number at the tube periphery. The jet input
power was the same for both rums; coﬁsequeutly, no correction for the
differences in Mj was required. Note that wall cooling produced an
increase in Mp of about 40%, with a decrease in the ratio 0.5 MO.S/Mp
of only 4%. . Apparenﬁly some reduction in wall shear was effected as

was observed also with heavy gas injection.

III. Experiments with 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

A

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.-dis vortex tube No. 3-A operating with superéonic injection, Mj* = 2.
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-off and at & lower inlet 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, iM'j < 1.0. Mach number profiles are

i

plotted for axial bleed-off at r' = 0.6, R, = 4.2, and at r'

5 0.975, By = 1.6.

Also shown is a profile obtained with uﬁiform wall bleed, RB = 1.5, and a ref-
erence profile obtained without bleed-off.

The axial bleed data are summarized in Table II. Note that in the l.Oaino-
dia tube with supersonic injection, bleeding axially resulted in a decrease in
0.5 MO.5/Mp of 15% for a decrease in ‘ﬂﬁe by 7.5. In the 2.0-in,-dia tube with
sonic injectinn, the maximum decrease in the ratio is 7% for a decrease in 4%Ze
by 2.3. The value of MP/MJ was not appreciably affected by axial bleed-off
when compared at equal values of ébli and pp. It is concluded that axial bleed-
off and uniform wall bleed may both be effective means for removing the excess

mass flow in vortex reactor application.

IV. Geocmetrical Effects

A. Tube Diameter

Experiments were performed with 0.64-, 1.0-, and 2.0-1in, -die vortex
tubes. Figure 29_summarizes the diameter effect for effective jet input
power, 102 P*, of 1.0 and 3.1 lb/sec-ft, and for wall pressures, pp, of

89 and 108 psia. The plotted values of Mp have been adjusted slightly
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m; =0.028 Ib/sec- ft / -
My = 0" Ib/sec-ft
772 = 0.028 Ib/sec-ft, O<r’<O 28
0
0 0.2 0.4 0.6 08 1.0

r’/, RADIAL POSITION

Fig.27. Effect of /-\xnol Bleed -off on Mach Number Profule for-1- |n Dia
Vortex Tube No. 3 A,
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0.8 e AXIAL BLEED-OFF
- M; =0.0650 Ib/sec- ft
N GAS M,=0.0525 Ib/secft, AT 7= 0.6
M,=0.0125 b /sec-ft, 0<r’ 0.14
0.7 Rg=4.2; M;=1.0; p,=60 psia
Py, A AXIAL BLEED-OFF
:$/\ \ 7;=0.0650 Ib/sec-ft
/ Nos\ | : M,=0.0400 Ib/sec-ft, AT7’=0.975
/\ M,=0.0250 Ib/sec-ft,0<r’<0.14
0.6¢ Ry=1.6, M;=1.0; p,=64 psia
UNIFORM WALL SUCTION
m;=0.0285; M,=0.0170
Mm,=0.0115, 0<r’0.14
0.5 Rg=1.5; M;=0.47, Pp=64 psia —
. 'NO BLEED OR WALL SUCTION
T M;=0.0280 =M,
3 Rp=0; M;=0.43, p,=68 psia
0.4
0.3
0.2
oX

O 01 02 03 04 05 06 07 08 09 10 12
r’. RADIAL POSITION

Fig. 28. Effect of Bleed-off on Mach Number Profile for a 2-in.
Dia Vortex Tube; Comparison of Axial Bleed-off and Uniform Wall Suction;
Tuhe No. 4 A.
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TABLE Il. SUMMARY OF AXIAL BLEED-OFF DATA
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ORNL-LR-DWG. 40755

Tube

Bleed

0.5 M;‘:O.S

TUbe " ’ m. m{ V. -M., p >M /M.,
No.  Diemeters i scac ft) (b/sec ft) oSO Rp o yle (o bay il * M
(in.) jj - p g p
3A 1.0 0.0540 0.0037/ 0.800, - 13,5 2.0 50 0.25 0.57
| 0.500 ' '
4A 2.0 0.0650 0.0125 0.600 4.2 - 1.0 60 0.21 0.74
4A 2.0 0.0650 0.0250 0.975 16 1.0 64 0.18 0.84
3A 1.0 0.0280 0.0280 No Bleed ‘AO - 2.0 67 0.185 0.67
(Reference) ‘
- 4A 2.0 0.0285 0.0285 No Bleed - 0 0.43 50 0.20 0.80
‘ (Reference)
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050 l
@ 102 P*=3.1Ib/sec - ft
. - M;=086 |
0.45 pp =108 psia |
A 10° P¥= 34 L
Pp =108 [ |
0.40 PR '
® 10°P* =10
M; = 0.6
o ‘ Py = 89
0.35 r'e : + |
Q . N, GAS
s 0.30 : -
=
0.25 ———— & ¢
0.20 |—
0.15
040
05 - 0 1.5 2.0

2r,, TUBE,LD (in.)

" Fig. 29. Dependence of Peripheral Mach Number on Tube Diameter;

Data Adjusted to Constant M.
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from the exﬁeriﬁental_values to. allow for variation in M, from point

J
to point}i_The two refefenéeivalggsvbf M, chdsgn are 0.6 and 1.0. Tote
that the value of 1/2 r,, for the 1.0-in.-dia tube was twice that for
the other tubes} however, as indicated in Fig; 30,_thé length/diemeter
effect appears to be Qery small. It is concluded from Fig. 29‘£hat, at
a:gi?en effective input power-and.pfessure, decreasiﬁé the tube diametéf;
results in & sigpifiéént'incféase in:Mach'number. 'Specifically, redﬁ¢}_. ‘
Atioﬁ in tube.diameter frbm'e;a.in,.t; 0.64 in. produced an increase iéA i
Mp by a factor of l@? té 2.i:4 This,oqcurred most likely because qf

- decrease in‘tangential‘Réyﬁblds»nﬁmber Viﬁh;resulting decrease in tur-
Eulént viscésity{ The efféctfof tu@e.diameter will algé be evident in

'several_of the'data.plots to be,diScugséd in later sections.

.3, Léné%hfto%ﬁiaﬁefér'Ratio'

The méasurementslof this effect were obtained using 0.63-in,-dia
tube No. 3¥B,~dﬁd.arebsﬁoﬁn iﬁ Fig.:30, where the value of Mp is cor-
" rected to Mj»= 0.6 gs’discus;éd ih:connection with Fig. 29. No effect
of length on the correétgd MP va1ué was evideﬁt, over the range of
.z/é rp from-S to 18.' This is an indication that the flow is eséen-

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 ' = lva(;nse;llslif;l) and at'ra°’; 0.92 (insert slit B).
As Fig. 31 indicates, slit Bybro&uc;& valués of'Mp/Mj about 45% higher
than slit A. A similar result was fbund for nozzle injection,.from |

which it is concluded that the injection radius ratio,'ra“, should not

.o
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N2 GAS

—8.

0.63-in. DIA VORTEX TUBE NO.3B

10°P¥=3.2 Ib/sec-ft
Pp =108 psia

10

15

LENGTH/DIA, /27,

"Fig. 30. Dependence of Peripheral Mach
Ratio-Corrected to M, = 0.6.

Number on Length/Dia.
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0-5 » | | T T T T
BOUNDARY LAYER INJECTION,fe® g, = 68 psia, M,;= 0.43
0.4 —  INSERT SLIT A A p, =88 psia, M;=0.60 ]
INJECTION AT r’=0.92, o p, =68 psia, M;=0.37
INSERT SLIT B A Pp =88 psia, M, = 0.56
0.3 — |
-
\Q o
S
0.2 _ i
®
No GAS
0.1 - . ‘ -
0.2 0.3 04 05 06 07 080910 1.5

102 p* (Ib/sec ft)

Fig. 31. Comparison of Peripheral to Jet Mach Number Ratio for Two
: Injectlon S1it Positions: - Tube No. L,
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exceed 0.95; data obtained with r; < 0,85 also showed inferior per- .

. *
formance. ra} values of 0.90 to 0.92 appear.to be near optimum.

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

Variables
Ai,vMass Flow Rate per Unit Tube Lgngth
.Frqmva compgrison of data for sub- andzsupersqnic'injection, the
following observations can be made: |
1l. Jet effectiveness ratios Mi/MJ and,Mb/Mjf increased 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. tubés at equal
Vﬁafrand pp, for ﬁqtﬂ ;ub- ;nd sﬁperéonic injeétion°
3. The ratios for subsohic injeétion were from two to tﬁree times
A gfeater than‘for'supérsonic injection,'for a given tube diam-
etér, mass'fiow rate, and ﬁressure° |
h.. With subsonic injection, values of the ratio as high as 0,66

were observed.

" Values of the Mach mumber ratio O°5.Mb,5/Mp which characterizes the
deviation from a potential velocity distribuﬁion scattered more or less
randomly when plptted against ﬁaés fﬁbw rate;‘the actual values of the

,ratib ranged from 0.66 to 0.98. Consequently, the velocity distributions

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 illuetrated in Fig. 32
Vhioh shows thatﬂthe'ratio.decreesee monotonically'with increasing jet
velocity for constant tube diameter, effective jet input power, and
wall pressure,f It ie'conciuded fromn theee'data that the more closely
the jet velocity'matohes the tangential velocity et the pdint of Jjet
entry, the more effective is the utilization of the jet'enefgy in pro-
ducing rotation, since less &f the erergy is dissipated in slowing
doﬁn the jet. |
c. Effective Jet Input Power

This quantity, defined by Eg. 1, appears- to correlate the combined
effect of mass flow rate and injection velocity. M is plotted against
‘?* in Fig. 33 for three tube dia.meters° The lines drawn for~0,6=in.fand
2.6=in.-dia tubes:conneotjﬁointsfof constant'well bressure, These data
indicate_that Mp increases with P*'to appro#imately:the 0.42 power when
no correction is-made for vefietion in Mj° if there-nere eomﬁlete con-
version of the inlet Jjet kinetic energy to tangential kinetic energy, Mé
. would vary with P to the 0.5 power, A peripheral Mach number of 0, h9
‘was measured in 0.64-in.-dia tube No. 5 at a wall pressure 83 psia,
My = 0.9, e.nd an effective ‘power input of 4.4 x 10°% 1b/sec-ft. The
-data also indicate that to achieve the same MP in a'2.0-in.-dia tube at

the same wall pressure requlres increase in P¥ by a factor of about 3 5.

Constant Jet input power w1th 1ncreas1ng M

is obtained by de=
creasing 7. :

J .
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Fig. 32. Variation of Ratio of Tangential to Jet Mach Number with

Jet Mach RNumber.

0.7 T T
s 0.6-in.-DIA TUBES 3B AND 5
. e 1.0-in.-DIA TUBE 3 A
0.6 —w—\ |
\ | Ny GAS
0.5 N o _ 10°P*=3.2 Ib/sec - ft
~ \\ p, =108 psia
= |
Z 0.4 'x —
' ~
i Y\\l
S 0.3 | \l\
0.2 ™~
. ‘\\\\~
0.1 » ~—¢
05 06 07 08 09 10 1 1.2 1.3 1.4 1.
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1.0 '
| [ POINT | TUBE NO. } TUBE DIA (in.) | GAS ,Op(psm)
0.8+ 0O 4B 2.0 No 108
I A 50
0 3A 1.0 He 63
O6—| = 38,5 0.6 No 108
[ ) 83 .
n//'
0.4
, /l‘/
/4// . .
s T 1" |
/././//
,/‘/ ~A
0.2 = —=
.-"”,’ ."D.’
177 o
oK | IR Ll
0.2 ' 0.4 0.6 0.8 1.0 2.0 4.0 6.0
102, * EFFECTIVE JET INPUT POWER (Ib/sec-ft)
Fig. 33. Dependence of Peripheral Mach Number on Jet Input Power for

0.6, 1.0 and 2-in. Dia Tubes; N, and He Gas; Subsonic Injection.

—99-



=67~

D. Wall Pressure

Increasing the wall pressure; pp, increases the tangentiai Reynolds
number and, as will be shown, the virtual viscosity increases. Thus, it
is not unexpected that the peripheral Mach number decreased with increas-
ing pp, as illustrated in Fig. 33. A value of Mp = 0.5 was obtained in a
0.6-in.~-dia tube a pp = 20 ps;g, 102 P¥ = 2.1. To obtain the same Mach
number at 83 psia, for example, required an increase in the effective jet
input power by approximafely a factor of two. This is also illustrated
in Fig. 3% which is a plot of P* versus p, for 0.6-in.-dia tubes at

several fixed values of MP'
E. Peripheral Téngential ReynoldS'Number

This parameter 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:

2r v

N = D t)P
Rey RT
»D “P D

P m
Pp 1

Peebles and Garber (17) 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 6l runs, including tube
dismeters of 0,6,'1.0; and 2.0 in., nitrogen and heliuﬁ gaé. Figure 35
is such a chart. The opserved ranée in M? of from 0.11 to 0.50 is
divided into seven subranges for conveniencé. The lines fanning out

from the origin represent linear approximations to the data for each
' "y ey Ty
vee oo [ o {9
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5.0 T
' ¢ mp=0.49
® M, =0.41
A M, =0.32
/ i
4.0
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~ Pig. 3k. Performance Characterlstlcs of 0. 6-1n. Dla Vortex Tubes
Jet Input Power vs. Wall Pressure.' : :
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6.0

4
- o.46<'/wp <0.50 |
0.41£1,<0.43
| %.30</Mp/<o.33
5.0 A 7~
< 0.34 <M,< 0.38
o / // //
3.0 /

/

/
/

P
P

’/,//’

Y/

102 P*, EFFECTIVE JET INPUT POWER (lb/sec-ft)

1.0

NN
NS
VAN N\ \ O
| \\ _

0 16 32 48 64 80 96 112 128 144(x10%
Nge, ,, PERIPHERAL TANGENTIAL REYNOLDS NO.

H

Fig. 35. Vortex Tube Performance Characteristics Summary Plot:
Peripheral Tangential Reynolds No. vs. Jet Input Power. Linear Fit to
Data for 0.6, 1.0 and 2-in. Dia Tubes; N, and He Gas. '
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'Mach number range, the data cover Reynolds numbers from h x 10% to
1.6 x 10%. Tt is inferred from the chart that to ‘maintain constant
tangential. Mach number-with increase in-Reynolds'number requires an
approxinately preportienate-rnerease in inpnt ﬁaﬁef. A'discrepancy

' in'the-results is-apparent for'0.30 < Mpi§'0;38, since at constant

Re
t,p

outside thls range the. expected incresse with P 'is found. More pre-

* L o :
N, y increasingiP causes a decrease in the observed Mp’ whereas

cise'measurements are. needed to resolve this discrepancy. Nevertheless,
it may be generally.conelnded*frdm the chart that to achieve high tan- '
gential Mach'numberS‘at Reynoldsbnumbers‘of,practical interest; say

NRe '>'l.O X lO6 will require large input power unless some means
t,p

can be found: for effective suppres31on of turbulence,

VI. Determination of Virtual Viscosity

. 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 v150031ty, p , can be mede by appllcation of Egq. 6,

whlch relates the ratio r' v /V £,p "to A = 5”[/2 T u and the exit radius,

re'. This equation is plotted as Fig; 42 in the Appendix. Sixty-four runs

were analyzed by determining.A_and:hencéAg*'from the observed ratio

* . »..- L 4 . . . ~ s .
0.5 Vi r'=0. 5/v &,p° Three tube diameters (0.6, 1.0, and 2.0 1nf) and two

gases (n1trogen and hellum) were represented Mass flow rates covered by the

data ranged -from 0.012.to 0;13 lb/SeCéft, Jjet Mach numbers fron 0.2 to 1.0,

tube wall pressures from 2.5 to 120 psia, and effective jet input powers

3*
The value of u so determlned actually represents an average value
over the range 0.5 < r' <1.0. T'Q

~J3
GH
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from 0.2 x 102 1b/sec°ft to 5.0 x 10-2 1b/sec-ft. No runs involving bleed-
off, injection, or wall cooling were inqluded, however, nor were aﬁy data
included for supersonic injection..

The combined results for all three tube sizes are summarized in Fig. 36
with the ratio of'Virtual viscosity to molecular viscosity plotted against
peripheral tangential Reynolds number. The 1east~§quares line ‘is also shown.
Note that at fﬁe lowest Reynolds number, 4 x 104, the experiméntal virtusl
viscosity is already thirty times the molecular viscosit&, and at the highest
Reynolds number, 1.6 x 106, the ratio.is increased to nearly T700. Thus, the
conclusion that the flow is turbulent appears well founded. The data of
Peebles (;l):indicates similarly high values of‘u* for aqueous vortices.

Table IiI is a summary of the-results.of linear regression analyseé*
of all data combined, as plotted in Fig. 36, and also of the data for the
0.6-, 1.0=, and.2,0=in,-dia tubes Separately; Néte frbm 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=sqpares‘lines show-vafiation
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 NRe-to the 0.9
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 thg p*/p versus NRe plot is shown by the

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

the least-Squares éduations. The least scatter and highest degree of

*
Linearized by plotting on log-log paper.
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, 1000 - T T T T T T T
= o 2-in.-DIA TUBE ' ~ yan
O — 0 1-in-DIA TUBE { N, GAS - U <
QO N . . m_|D /
n _ g 0.6-In-DIA TUBE = il
> 500 a,e HELIUM GAS S oA
I 7
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S 200 0-u7 ©
o
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LSL < T : p ¥ -3 0.86
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o .
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3
10° _ - .
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- 2.5 TIMES PERIPHERAL TANGENTIAL REYNOLDS NUMBER 2.5 /VRe i

Fig. 36 Varlatloh of Ratio of Virtual Viscosity to Molecular Vlséos1ty
with Peripheral Tangential Reynolds Number, 0.6, 1.0 and 2-in. Dia Tubes;
No and He Gas. .
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Table III.

Summary of Regression Analysis

*
(b /u vs Npe

5 Nitrogen and Helium Gas)

only

] °
g & o & I | Ru Hlge |laged
(o} (o] Og (=0 + 0 &4 o g o g
ol A o Q o id o | A0 o O .
4 o g o H A - HP I o~ | £~ e 31
] © 0 3, glge” Al goaglao
P 8 & B og S & cElad S|ITERITERA
S Qo gmcu o H O |t O M A SO
& g2 o § 4 RS RELLhS | 88u|88»
- =g = e NO OE A |[Oo0 oo ®
0.6-,.1.0-, . 0.86 3
: * - +1. =3 . -
& 2.0-in.= | 64 | p /u=2.03 x 1072 <#ﬁe | * gg i, ig-s 20.16 | 1300 | 0.81 | 0.25
dia tubes ’ ' t, g .
0.6-in. - - 0.82 -5 4
. * - .
dia tubes 26 | w'/u=5.25x 1073 <ﬁRe I EY s | 000 630 | 0.9 | 0.39
only - t, Theelf X 4
1.0-1n. « » | 0.90 y
dia tubes . 8 | u /ﬁ = 1.2 x 1073 <#Re ' very large lery ~—- 0.12 0.71
only . t, arge :
2.0-in.- . 0.66 a .
| x .
dia tubes 30 | w/u=22x10"3 (yRe p) +fg X s 0.23 | 340 | 0.74 | 0.36
. - t)

aLinearized by log-log plot.
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correlation were observed for the 0s6-in, tube diameter data.

The estimates of critical Reynolds number listed in the Sixth eolumn of-.
the table were obtained by linear extrapolatlon of the least sqpares lines
'(log-1log plot) to a value u*/u = 1. Because of the w1de 95%. confidence bands
Aand 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,

howvever, As a matter of fact Peebles, from a theoretical analysis of boundary

- 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 tﬁe helium under conditions conducive

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

were made with the heavy gas, CgFie (m, = 400), injeeted as a“very dilute mix-

ture w1th helium uniformlly into the perlphery of the vortex tube through a
porous wall Two-in, -dia tube No. 3 was employed. Descriptions of the sam-
pling teohnique 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 tolthe radial cooling effect, the ﬁole—fraction
of heavy gas et_the concentretion,peak was limitedlto a'ralue below saturation

gt the temperattre,whioh the;gas;ﬁould“attain by isentropic expansion from

-ﬂ
Cad

€

(W



..75..

conditions at the periphery. Based on vapor pressure data for CgFie ng),
the peak mole-fraction was maintained below 1 x 107% (100 ppm). |

.From an examination of Eq. 7, it is seen that the Mach number, Mm’ at
the radius of maximum mole-frgction,ygries directly as the square root of
the exit mass flow, and invéfsely as the square root of the moleculer dif-
fusivity. In view of the small magnitude of the diffusivity Qf‘CeFle in -
helium ﬁear room temperature, Eq. 7 can be satisfied for values of Mm which
are expefimentally 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 réported here, bleed-off was axial; in one, a
0.017-in.~wide slit in the tube wall, exfending the length of the fube,
served qu bleed%qff. | | |

Table IV summarizes fﬁe operating cénditions and resulté forAfive
typical separation runs. Note the large bleed ratios employed, aﬁd that
injectioﬁ was supersonic. Figure 37 illusﬁrates separatiqn ﬁrofiles for
runs 3 and 4, with the ratio of mole-fréction CgFis at r' to that ét the
tube wall‘plotte& agains£ the radial position, r‘, of the sample probe.
Run 3 shows & distinct peak at rmf = 0.15, with'rdpid drop off at‘lower
radii, forAaxial bleed-off at r' = 0.25 and 0.40, RB = 15;6. With bleed-

off at r;.= 0.4 and Ry = 4.8, run 4 shows a wesker peak at rm‘,= 0.17. In-

i
1

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

peak position to rm' = 0.21, as seen in Fig. 38.

It must be understood
that the observed intensities of peak formation may be appreciably weakened
by the local influence of the probe iﬁself, although the beak posifion may

be only slightly altered.
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TABLE IV. SUMMARY OF OPERATING CONDITIONS AND RESULTS FOR SOME
He-CgF,, SEPARATION EXPERIMENTS IN 2-in.-dia VORTEX TUBE No. 3

. Experiment Number‘

M

m

Paraﬁeter
1 2 3 4 5
Inlet He Mass Flow Rate, m] ) ~0.028 0.030 0.023 0.013 0.030
(Ib/sec ft) ) ! o
Bleed Ratio, Ry N3 175 156 48 9.4
Inlet Jet Mach Number - 2.0 2.1 1.9 2.3 2.2
(Isentropic), M’.* - _ '
Exit Diameter, 2r, (in.) 0.250 0.250 0.221 0.21 0.250
Bleed-Off Position, 7’ 0.40 0.40 0.25,  0.40 1.00
o - (axial)  (axial) -0.40 (axial)  (wall slit)
(axial)
Wall Pressure, b, (psia) 556  53.0  56.3  40.8  40.8
Observed Mole-Fraction Peak - 0.15 021 0.5 017 0.1
Position, r_. ‘ _
Observed Mach _Number‘af T M 0.64 0.55 0.70 0.48 0.70
Observed Ratio of Exit Mole«Fraction 0.5 0.67
to thatatr_*, x /x ' '
m e m )
Calculated M, (Eq. 10) -0.58 0.81
Ratio of Observed Mm to Calculated - 1.2 "~ 0.87
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Fig. 37. ©Separation Profiles for He'08F16 Mixture in 2-in. Dia Vortex
Tube No. 3; Uniform Wall Injection of CgFyg.
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Fig. 38. Separation Profiles for He-CgFjg Mixture in 2-in. Dia Vortex
Tube No. 3. : . '



In run 5 bleed-off was radiallygoutward through a single continuous wsall
slit, and the heavy gas was injected through three of the twelve nozzles.
Droplet fo:nmxion mayAﬁave ocpurred, thereforg, causing uncertainty in the
profile in the region between r' = O.l4 and the wall.

'In run 1, depicﬁed in Fié. 39, the heavy gas was introduced axially
through four of thg pressure taps at the clbsed end of the tube, at radial
positions.between r; ='0.2 and ¥' = 0,32. Bleed-off wasAaxial af f' = O.h,
Note that the gas was swept inward toward a péak at r3.= 0.15, with littleA
back diffusion. A similar result is reported in ref 3. .  The dashed curveAis
the corrésponding Mach number profile obtaine& with the sample probe inserted
to rm' = 0.15.

Table IV compares observed values of Mm obtained with the sample probe
inserted to rm° with values calculated from Eq: 7 for runs 3 and 5 in which
experimental measurements of the exit mole-fraction, x,, were made. An ex-
perimental value of molecular diffusivity, Dj=z2, for CgFie iﬁ helium of 0.247

* 0.050 cm?/sec at 80°F, 1 atmosphere was obtained; This value was corrected

by assuming an isentropic temperature drop between r' = 1.0 and r' = rm',
using the relation Dlé ~ Tl°75. Note that the observed and calculated values

of Mm agree sufficiently well to support the applicability{of the equation.
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-CgFg Mixture in 2-in. Dia Vortex
Tube No. 3 and Corresponding Mach Number Profile.
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ERROR ANALYSIS

Static preésure was fhe basic quahtity meaéuréd; from the radial static
pressure gradient, tangential.Maéh:numbers were obtained by graphical dif-

ferenfiation:

M2 _‘ ?' ap’ - (2)

This equatidn neglects radial and axial velocity components; but it is
doubtful that the error thus introduced amounts to more than a few per cent.

The relstive radius r' at which a particular static pressure tap waé
located was known to within #0.5%. Differentiai pressure measurements vere
‘accurate_to better than %1% of the measured Ap, and the absolute tube wall
pressure was knownito +0.5%. Thus the p' ratios are known to *1.5% or better.
The largest errors associated with the application of Eq. 2. .involve those of
fitting the correct curve to the p'-r' data, and interpreting the slope of
the curve graphically as a function of r'. It is estimated very approximately
that errors in measurement of dp'/dr' of up to %15% are possible. 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
tor' = raf to obtain the peripheral Mach numbgr, Mp' This efror is generally
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 Qf MP reported might be in error by as much
as %13% for 2,6~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 O'S'MO,S/MP are *21%,
and *26%, respectively. Of course, the expected.errors are less than these

maximum values.
-
1]
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Errors in measurement of mass flow rate were probably of the order of
2%, Mj can be determined to within #8%. Thus the effective jet input
power, 1521: Mja, may be in error by as much as 18%. The tangential periph-.
eral Reynolds number, 2 rP vt,p pp/hp, may”be in error by at most *15% and
+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 thé virtuasl to molecular viscosity ratio is plotted as a

function of NRe , may be explained by consideration of errors in determina-
S t,p

tion of the velocity ratio, 0.5 vt,O.S/vt,p’ which is derived from 0.5 Mo;s/

MP. Because of the nature of the relationship between the virtual viscosity

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 u*; the more nearly the velocity
distribution approaches that of a potential vortex, the larger is the un-
certainty in pu¥. It is for this reason that the values of critical Reynolds

nqmber listed in Table III are order-of-magnitude estimates at best.
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CONCLUSIONS AND RECOMMENDATIONS

The principle aim of this investigation was to ascertain the nature of
flow inva jet-drith;vorteiltube with emphasis on ‘the measurement of vortex
strengfhs at lov mass flow rates. A seédndér& aim was the study 6f.separa¥
tion of a'lighf and a héavy'gas° The following conclusions summarize the

Aéxpérimehtal reSﬁlts peftinént to these aims:

1. The flow field in the outer region of the vortex tube (r' > 0.5)
was highly turbulent for all conditions of this.study. It is estimated thaﬁ
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 estimatéd that, at-conditions of
practical interest for reactor application, the tangential Reynolds number
may be-as much as 102 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 adequatelfor cavity reactor applica-
tion will require jef input powers appreciably greater than the minimum’
value required with laminar flow. Because of the high inlet mass floﬁ 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 E
length, -and wall pressure. ' Combinations of variables which appear to cor-
relate ?he data include 7y 5321 Mja/é, the effective' jet input. power, and

2 pp/up,~the tangential peripheral Reynolds number. » "ngg

6.4
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5. Subsonic injectiou'was'more-effective in generating vorticity than was
supersonic injection,for e'given jet input power.

-6. Agreement of the observed concentratlon peak pos1t10n for separa-
tion of CaFla-He mlxtures w1th theory for lamunar flow is good. Thls fact
suggests that, near the center of the vortex tube where the peak developed,
the radial density (pressure) gradient mey have been sufficiently strong to

suppress turbulence.

Since the results of this experimental.study have shown that the vortex
flow field at conditions. of interest for reactor application probebly will
be turbulent and since the originei.ansiysis assumed laminar flow, it is
apparent- that the influence of turbulence on reactor feasibility must be
evaluated. This will require a study-ofwthe effect of turbulence on separa-
tion. Specifically, it is recommended that separation studies be~carried
out first at a sufficiently.low pressure and»high temperature to insure
lamihar flow; as the pressure is raised and turbulent transition takes place,
any effect on separatiou should be readily detected.

Re-examination of cavitylreactor performance should also he carried out
analytically, taking into,account-turbulence and the energy required for re-
circulation of the excess mass .flow,

it must be emphasized_thet the conclusions reached here are based prie
uarily on the experiments at room temperature with no internal heat genera-
tion and uith internal deusity gradients_as produced by the vortex motion

| alone. The poSSibility is suggested in ref 1 that internal heat generatiou
combined with the‘proper concentration profile might produce a sufficiently
strong internal densdty gradient.to stabilize the flow. There is‘experimental

- evidence that strong density gradients in:the_boundary layer produce some

739 90
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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 gradient is high.
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