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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 & 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 reqguire 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 nesr the periphery remmins 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 variation in tangential velocity with radius. Virtual
(total) viscosities near the periphery ranged from 30 to 70O times the
molecular viscosity for tangential Reynolds numbers of from 4 x 10% to
2 x 108,

Measurements of the position of the mole~fraction peak for separation
of helium and a heavy vapor agreed with the theory for leminar flow. This
suggests that near the center of the vortex tube where the peak developed

the radial density gradient was sufficlently stroung 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 satisfaectory method can
be devised for recirculation of the large excess mass flow required to main-
tain the vortex strength, and if turbulence does not appreciasbly 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

/27 w', dimensionless

molecular diffusivity, £t%/sec

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

tangential Mach number, dimensionless

molecular weight, lbm/lb mole

mass flow rate per unit of tube length, lbm/sec'ft
Reynolds number, dimensionless

effective jet input power, ¥ 5”1i MJ2/2 (lbm/sec-ft)
gtatic pressure, psia

gas constant, 1545 ft-lbf/ib mole: °R

bleed ratio, dimensionless

radius, ft

absolute static temperature, °R

velocity, ft/sec

mole fractlon of heavy component, dimensionless
heat capacity ratio, cp/cv

absolute (molecular) viscosity, lbm/ft-sec

virtual (total) viscosity, lbm/ft°sec

density, 1bm/ft3
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NOMENCLATURE (continued)

Subscripts

a jet entry position
e exit

i inlet

J Jjet

m peak mole fraction
o upstream of nozzle
p 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 feasibllity of utilizing a vortex field to contain a Tissioning
gas which is supplying heat to a rocket propellant depends strongly upon
the magnitude of the tangential velocities which can be generated at liow
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, viscous retardation becomes highly significant.
The experiments described in this report, which are a continuation of pre-
liminaery work previously published (3), were performed to determime the
nature of the flow in jet-driven vortex tubes under conditions dynemically
similar to those necessary for operation of a vortex-zavity reactor.

Ween it was found experimentally that turbulence zeriously limits the
vortex strength attainable alt low mass flow rates and power inputs, attempls
were made to laminarize the fiow field by application of such well-known
techniques as uniform boundary-layer bleed and wall cooling. No significant
effect of bleed on vortex strength {tangential peripheral Mach number) was
observed for bleed ratios (ratio of bleed mass flow tc exit mass fiow) up to
3.0. It was possible, however, by injecting the gas into the tube gt suffi-
ciently low Reynolds and Mach pumbers {continuous slit injection) and by

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



flow by a factor of four with less than 25% decrease in local vorticity.

Some increase in vortex strength was measured with extreme wall cooling, in-
dicating reduction in turbulent wall shear. Iaminarization 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 8t the end of the vortex tube. In one experiment, a reduction in exit
mass flow by a factor of 7.5 was effected with 15% decresse in local vorticity.

A sizable portion of the experimental effort was devoted to a systematic
study of the effects on turbulent vortex strength of certain key variables.
These include primarily:

1. tube diameter,

2. wmass flow rate per unit tube length,

3. Jet injection velocity,

4, wall pressure.
For example, decresse in tube diameter from 2.0 to 0.64 in. produced an in-
crease in vortex strength of up to a factor of two. Vortex strength also
increased with increasing wmass flow rate. Experiments on the effect of in~
Jection velocity showed that stronger vortices were generated for subsonic
than for supersonic injection, for the same input power. In one run with a
0.6k-in. -ID ‘tube, & peripheral tengential Mach number, Mp’ of 0.49 was
attained using nitrogen gas at a tube wall pressure of 83 psia; the jet Mach
number was 0.9 and the mass flow rate 0.083 lb/sec~ft, The analysis of
Kerrebrock and Meghreblian (1) indicates that values of M? of at lemst 0.5

will be required for vortex reactor application.



A quantity which was found to correlsate the combined effect of mass
flovw 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 nuwmber. The data indicate that vortex strength increases
with this parameter to the 0.42 power.

The tengential Reynolds number, based on the tube diameter and tangen-
tial velocity nesr the tube periphery, was found to be a valid similitude
parameter. It is concluded that to achieve high tangential Mach numbers at
Reynolds numbers of practical interest for vortex-cavity reactor application
will regquire appreciable recirculation, unless some means can be found for
effective suppression of turbulence. Recirculation techuigues are discussed
in ref 2.

In order to determine the degree of turbulence in vortex flow, estimates
of virtual viscosity have veen made from the experimentally determined vari-
ation in tangentisl velocity with radius. It was found thet the virtuwal vig-
cosities near the periphery ranged from 30 to 700 times the molecular viscosity
for Reynolds numbers of from 4 x 10% to 2 x 10%. ginece Reynolds numbers in
excess of 1 x 10% 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 Tinal phase of the experimental program inveolved mesasurements of the
gseparation profile of & heavy fluorocarbon vapor in helium, utilizing a direct
sampling technique and thermal conductivity gas.analysis, Axial bleed-off was
employed to reduce the exit mass flow to s value permitted by the rate of dif-
fuslon of light through heavy gas. It was found that the measured conceabra-~
tion peak position sgreed reasonably well with theory hased on a laminar

analysis (L, ;), indicating that turbulence must be effectively suppressed by
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the large density gradient in the central region of the tube where the peaks
developed. This study leaves unanswered the guestion of the effect of tur-~
bulence near the periphery on the position snd intensity of the separation

peak at larger radii.

INTRODUCTION

The possibility of developing & high-performance nuclear rocket engine
utilizing direct energy exchange between a low molecular weight propellant
and a fissioning gas or plasma was considered by Kerrebrock, Meghreblian,
and Lafyatis in refs 1 and 2. It is generally concluded that some means
for preventing loss of fissionable material during operation is required in
order (a) to keep the mean molecular weight of the exhaust gas low and thus
to keep the velocity and specific impulse high and (b) to maintain criticality
without excessive expenditure of fuel, As is pointed out in these references,
a8 possible method of containment involves use of a centrifugsl Tield 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 from the wall
of the countaining vessel so that very high temperatures could be reached in
the gas without exceeding allowable wall temperatures.

Figure 1 is a conceptual sketch of a single vortex tube, as presented
in ref 1. A low molecular weight gas is introduced targentially, producing
the vortex motion. The light ges flows spirally inward, diffusing through
the cloud of heavy fissionable gas and absorbing the fission heat. The anal-
ysis presented by Kerrebrock and Meghreblian (1) indicated the feasibility

of the vortex containment scheme for laminar flow. In a later report (g),
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the possibility of maintaining leminar 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 fissionable material to
propellant be large in the cloud regiou and that the propellant pressure
be high, as shown in ref 2. The significance of these 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 flow rate to a very low
value. There is obviously a 1limit also on the amount of energy which can
he expended in mainteining the vortex. These factors impose severe limita-
tions on the operation of gaseous vortex-cavity reactors.

An experimentel program was consequently initiated to ascertain the
nature of the flow in a gaseous vortex operating at room temperasture under
conditions estimated tc be dynamically 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 0.0l 1b/sec.ft) which can be
tolerated by the diffusion process. A preliminery report (;) on the initiel
phase of the study has been published, in which it was concluded that, due
to turbulence, the retardation of the vortex motion in a2 simple, single-pass
tube (Fig. l)* is so severe as to prevent formation of vortices of sufficient

strength for vortex reactor application.

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



Since it was confirmed experimentally that the flow field in a simple
vortex tube would be turbulent, the next part of the experimental program,
described in detail in this report, consisted of a series of experiments
in which en attempt was made to proddce leminar vortices. Methods of sta-
bilizing the shear layer on the concave wall which were investigated in-~
clude boundary-layer bleed-off through a uniformly porous wall as suggested
by Kerrebrock (g), injection of a2 heavy gas uniformly through a porous wall,
and wall cooliﬁg. These technigues have been used successfully for boundary-
layer control on flat plates and on airfoils.

Ancther series of experiments was conducted to determine the effect of
bleeding off a fraction of the total flow axially, st radial positions be-
tween the tube center and wall, so that the exit radial flow is held to an
allowable rate, based on diffusion considerations. The flow bled off would,
of course, represent a recirculabing side-stream.

Measurements of the effects on vortex strength of mass flow rate, in-
Jection veloclty, tube geometry, and pressure are described In this report.
Estimates of eddy viscosity from the experimental velcgity data are presented.

Preliminary sttempts, described in ref 3, to ascertain the redial con-
centration distribution of a heavy gas were at best gqualitative., Quantita-~
tive measurenents of the radisl dlstribution of Cgfis in helium using
improved technigues are described in this report.

As has been indicated, the organization of the experiwental program was
such as to survey the effects of many variables. The principle eriterion
used in evaluating a particular variable is 1ts effect on the magnitude of
the peripheral tangential Mach number, Mp (also referred to herein as the

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



radius. Use of Mach number is convenient since a simple relationship exists
between the tangential Mach number at the point of maximum mole fraction of
heavy component, the mass flow rate, and properties of the gaseous mixture.
Experiments were conducted near room temperature for simplicity. The simil-
itude parameters considered to be of principle importance in vortex flow, as
defined by Kerrebrock and others, are:

1. radial Reynolds number, T Vo p/h = 7%/2 T W,

2. ‘tangential Reynolds mumber, 2 r v, o/iL,

3. inlet jet Maclr number, Mj'

Note that the radial Reynolds number is independent of radius when tempers-
ture effects are neglected; the tangential Reynolds number decreases with
radius.

In summary, the objectives of the initial experimentsl program were to
determine the nsture of flow in a gaseous vortex and to delineate the impor-
tant variables and their effects on vortex strength. It is hoped that the
results presented here will be useful in guiding the course of future analyt-

ical and experimental work.

LITERATURE REVIEW

t is to be expected that the majority of references in this field have
to do with "Ranque-Hilsch tube” theory and performance, in which the concern
is primarily that of explaining the observed temperature effects. Further-
more, such tubes operate with muss flow rates much larger than can pe tol-
erated in vortex reactor application and, as measured by Bckert and Hart-

nett (i), the radial velocity distribution is closer to solid-body rotation



than it is to the potential vortex desired in this work., This fact suggests
& high degree of turbulence and indeed Eckert, and later Deilssler and Perl-
mutter (5), have indicated that the degree of energy transfer observed in
vortex tubes cen best be explained on the basis of large eddy viscosity.

The Influence of wviscosity on the veloclty distribution in laminsr vor-
tex flow 1s shown by Einstein and Li (6), Pengelley (7), and Deissler to be

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

N z%/Z'n‘p

Re
r

where 5?[ is the mess flow rate per unit tube length and p 1is the absolute
molecular viscosity. This is also in agreement with the theory of Kerrebrock
and Meghreblian. When the flow is turbulent, Kassner and Knoernschild (8),
Einstein, and Deissler have shown that it is reasonable to replace the molec-
Wlar viscosity with an apperent or virtual viscosity, u*, which is assumed
independent of radius. Rietemm and Krageubrink {9) derive a similar expression
for the effect of turbulent viscosity.

Data on vortex flow of water as reviewed by Wilson (;9) indicates that
u* may be many times greater than p  even at relatively low tangential vel-~
ocities. Shepherd and Iapple (11, 12) measured velocity distributions in

cyclone separstors and found thet the exponent € in the equation,

v = const
t - €
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 & convex surface, This
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was pointed out by Taylor (13) in comsidering rotation of concentric cyl-
inders, and also by Goertler (;&). The nature of the instability is such

as to generate secondary vortices whose axes are parallel to the surface in
the direction of curvature. Yeh (;é) measured the velocity distribution and
turbulent intensity in swirling flow in an amnulus 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 effect 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 equilibrium position, as discussed by Schlichting (lé).
A similar effect of bouyant forces on stability occurs when the fluid density
varies in the radial direction. A stabilizing effect is produced if the den~
sity decreases in a direction opposite to the direction of the centrifugal
field; i.e., density must decrease with decrease in radius for stability. The
rapid decrease in density in a potential gaseous vortex may tend to produce a
stabilizirg effect, especially with strong internal heat addition as in a re-
actor (i). 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 concluded 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 tend
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
suitable for reactor application could be reached from the available liter-
ature. Thus, the experimentsl program described herein was uwndertaken to

provide the necessary quantitative data.
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ANATYSIS

I. Gas Dynamics

It is informative to list the independent variables likely to influence
the tangential velocity and its radiel gradient in a vortex tube, based on
sources of informastion already reviewed:

A. Geometrical Variables

1. Radius, r
2. Iength, £
3. Radius at point of nozzle entry, r.
k. Diemeter of nozzle; hydraulic diameter of slit
5. BSpacing and orientation of inJjection nozzles
6. Radius of exit nozzle or orifice, r,
B. Flow Variables
1. TInlet mass flow per umit tube length, 4%11
2. BExit msss flow per unit tube length, ?OLE
3. Injection jet velocity, vj
k., Injection jet temperature, Tj
C. System Variables
1. Static pressure, p

T

2. Static tempersture and temperature gradient, T, 57

3. Properties of the working fluid:
viscoslity, u; density, p; heat capaclty rstio, 7;

molecular weight, m,

These varisbles are convenlently grouped into dimensionless ratios:
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(radial Reynolds number)

wz
o
i
f§§
3
T

(tangential Reynolds number)

7 &, RT
M, = Vj/ —— (jet Mach number)

=
=
[¢]

t
N
L2

d_<
N
i

1
r' = r/rP (dimensionless radius)
p' = p/pp (dimensionless pressure)
2/2 T, (length-to-diameter ratio)

(ratio of adiabatic wall temperature to
temperature of gas at radius of jet
eptry — used when wall heat transfer
occurs)

3
i
L]
5
Lol

A very important quantity derivable from the mass flow rate and jet
velocity is the power input per unit tube length, which is given as follows:

2

%iv.'
(Pover), = ——2??gél~ ft'lbf/sec=ft
<

Dividing by the square of the sonic velocity:

2
(Power)i ) 774 Mj
) RT,
7 8 —d ¢ &
c m,
(Power) y M, M
i o X
e = = = P T 7 1w (o /b)) (1)
: - I
oy

*
where (po/pp) is the pressure ratio across an inlet nozzle, neglecting

¥
friction; the approximation in Eg. 1 is valid to within 10% for Mj <1,

**(po/pp)* = [1 + (Z—«;-;—l;) sz}

O A
Yy - 1
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y < 1.%. The quentity P* is referred to herein as "effective jet input
power", but must be multiplied by RTJ/Sm1 to obtalin 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/'M‘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 independent variables on M.

Variation in tangential Mach number with radius is determined from a
radial momentum bslance for circular flow:

r,l

M = o

v (2)

i

This equation is a simplified form of a more general expression which takes
into account variation of radial and axial velocities with radius. It is
readily shown that the radial velocity contribution 1s 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 direcily from the distribution of static pressure with
radius 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 estimnted by extrapolation of a
plot of M (or MVMJ) versus r' to r' = r;; thus, Mp can be interpreted as
the Mach number at the radius of Jel entiry.

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:
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M= —b vhere -1 < € <1 (3)

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

ship between p' and r':

T A A a( _1_ _ .
1 =D = S5 M ( l‘) (%)

P I"‘?E

Thus from the measured pressure ratios, values of Mp and € can be deter-
mined by curve fitting techniques. This method was‘ﬁsed in the first
experimental report (;); however, a more thorough mapping of radial pressure
distribution has since indicated that 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. Agreement of the Mﬁ velues is good for
the 2,C-in. tubes, but the analytical method appesrs to underestimate signif-
icantly Mp for the 0.6-in.-dia tubes. For the € values, little agreement
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 the
0.6-in. tubes, as compared with the graphical slope method. The latter mathod,
although not too precise, is in principle correct and was used in analysis of
all data presented in this report.

As has been discussed, the effect of turbulence may be described by sub-
stituting the virtual viscosity'p* for p 1in the term 4%/2 T u which appears

in the solution of the Navier-Stokes equations for lamiver flow:

Let A = 5”@/2 41 u* (5)

Einstein and 1i (6) give the solution for a two-dimensional incompressible

vortex in the following Torm:



Page 15:

Page 56:

Page 92:

ERRATA FOR ORNL-2837

Eq. 6 should read

[A -2(1 - e'”A/g)} [1 - (A - 2)]

v, v, =
¥ t,p . - _
A (1 - e A/2 re'(A 2)> -2(1L - ¢ A/e)

for r'> re', A 2;
Fig. 27 — Legend at lower left should read
M, = 0.028 1v/sec.rt, 0 < r' < 0.28
Fig. 42 ~ The ordinate designation shoulﬁ be

(I"' Vt/v‘t,p)r'zﬂ. 5

The lowest clurve for r'= 0.056 should be deleted.

" rl"’(A - 2)
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A-201- MRyl mB-2)
2

5 AL - M2 ! (A - 2)y o - M2

O

r' vt/vt e

where vt is the tangential velocity. It 1s assumed that u* is constant in
the derivation of Eq. 6, and that the gas leaves uniformly through the exit
hole. Figure 42 (Appendix) is a plot of Eq. 6 for various values of the
dimensionless exit radius, r;. From the experimental ratio of tangential
velocities at two radii, a velue of A is determined from which u* is found
from Eg. 5. The assumption of incompressibility 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 relatively small, it is assumed 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 numwber sf the radius of maximum mole-fraction of
heavy component, Mﬁ’ to the exit mole-fraction of heavy component, X the
peak mole~fraction of heavy component, X the exit mass flow rate of light

component, 77 the ratio of molecular weights mg/ml) and the molecular

1g’

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

M 2 - %le (l ) xe/xm)
"2 (edy,), (/m - 1)y

(1

This eguation is derived for laminar flow and assumes further that the

mole~-fraction of heavy component is small.



THE EXPERIMENTAL INVESTIGATION

I. Apparatus

The preliminary experimental work on solid-wall tubes without bleed-off
is covered in a previous report (3) and will be reviewed briefly here for
the sake of continuity. PFigure 2 is a sketch of the 2-in.-dia Plexiglas vor~
tex tube employed in the initial work., Twelve feed nozzles were located in
the wall of the bhlock so as to form a broken spiral of entrance jets spaced
1-in. axially with 90-~deg rotation between adjacent nozzles and continuing
the length of the block. The inside surfaces of the nozzles were honed flush
with the inside diameter of the tube as shown In the detail. Gas was exhausted
at one end through an adjustable annular orifice of 0.280-in. outside diameter.
Two such tubes were run, as described in Table I. The radial static pressure
distribution was obtained by means of thirteen pressure taps drilled in the
closed-off end of the Ltube, as seen at the left in Fig. 2. Helium or nitrogen
gas was supplied through pressure regulators and appropriate metering devices
to each of the four supply headers at pressures up to 600 psig. The pressure
in the vortex tube was regulated by the exit valve up to a maximum of 150 psig.
Differential pressures were read on suitable manometers and Bourdon gages.

When it became evident from preliminary experiments that the flow would
be turbulent, the suggestion was made (g) that experiments be conducted with
uniform bleed applied to the boundary layer as a possible means of stabiliza-
tion.  The first porous wall model, designated "vortex tube assembly No. 3",
is shown in Fig. 3 and describe in Table I. The wall of the tube was made of

*¥
uniformly porous metal, 2-in., iuside diasmeter by 0.25-in. wall thickness

*
Equivalent to bourdary-layer suction.

XX . "y s .
Sintered Ni, approximately 2-micron pore size, trade name "Cormet”,
product of Corning Glass Company, Corning, New York.
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Tabie 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 Redius
(in.) ® (in.) (in.) (r_ ") {(r ")
g, e
1 2 2.00 12.0 Plexigleas 12 Nozzles 0.0135 0.92 0.140
2 2 2.00 12.0 Plexiglas 12 Nozzles  0.0100 0.84 0.140
Porous Ni 0.0135,
1 —_
3 3,8 2.00 12.0 (Cormet) 12 Nozzles 0.0330 .92 0.0625 — 0,250
~ . 12 - 164 P
3 A 8 1.C0 12.0 Plexiglas Yozzles 0.020 0.90 0.280 0. 500
3.25, 6.0, 11 - 54 ~ 0.90, _
3 B 8 0.63 12.0 Brass Nozzles 0.020 0.95 0.308 0.525
, V4 3 1
) o Porous Ni 12-in.~long
b A 9 2.00 12.0 (Cormet) S1it 0,002 1.00 G.140
L B 10,11 2.00 12.C " " 0.002 0.92 0.140
5 12,13 0.64 3.5 Brass 12 Nozzles 0.028 0.88 0.308 = 0.362

..-8’[‘.._
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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 uin. finish on the inside dismeter, with some
waviness in the form of circumferential ripples. Attempts to improve the
surface finish by machining caused severe plugging. Permeabiliiy 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 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/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 assembvly
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 petween the jacket and end flanges of the porous tube Lo
enable guick disassembly and interchangeability of tube-header assewblies.
Gas wiich was rot 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 sowe of the runs, the adjustable nozzle was re-
placed by thick orifices, renging in diameter from 1/8 to l/é in.

Six tubes, which penetrate the annular speace radially and which communi-
cate with the inside wall of the 2-in. porous tube, wéore 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 layouit 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 laboratory-type tsst gages with accuracy
better than 11/2%0 Differential pressures were measured by means of 100-in.
mercury and water manometers comnected 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 il/h%. This gage was also used for meas-
uring the pressure at the inside wall of the vortex tube. Bised flow through
the porous wall was measured by calibrated rotameters (+1%) discharging to
atmosphere.

Provision for separation studies was included dby introducing a heavy
gaseous component into the vortex tube. This was doune by diverting & small
sidestream (1 scfm or so) of helium through a bubbler tank containing a rel-
gtively volatile liquid, in this study the fluorocarbon CeFis. The gas thus
saturated at a temperature a little below room tempersture could be intro-
duced wniformly through the porous wall of the tube to mix with the gss in-

troduced by way of the feed nozzles.
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Figure 6 is a photograph of the ipstrument 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 four supply headers are also visible.

Vortex tube No. 3 is shown in the upper portion of Fig. 8. Also shown
are insert tubesz A and B used to study the effects of decreasing tube diam-
eter. These inserts, l-in.-ID plastic and 0.63-in.-ID brass, were made with
2-in.-0D flanges on each end and appropriate "O-ring” gaskets for end seals,
so that they could be slipped into the 2-in.-ID tube without modification of
the latter. The injection nozzles consisted of a series of holes drilled
directly in the insert wall. The location, size, and number of nozzles is
given in Table TI. 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 lamipar injection on
the ability of wall suction to stabilize the flow in a vortex, an additional
2~in.-dia porous-wall tuke was fabricated, which is designated tube No. 4. The
design of this tube featured a removable wall insert piece which provided for
a continuons injection slit along the length of the tube, Two such inserts
were studied. Wall insert slit A, shown schematically in Fig. 9 imstalled in
tube No. 4, was designed to provide a tangential slit of about 0.002-in. width
between the wall of the 2-in. porous tube and a small 1lip proJecting into the
tube about 0.040 in. The 1ip 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 inslde tube wall in as nearly laminar
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fashlon 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 obligquely on the boundary
layer.

Tue 4o difficulty in fabrication and sssembly, the bhoundary 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 1lip which proJjected 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 & 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. 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
L/8-in.wwall thickness. The vortex was generated by mesns 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 1/k-in, -dia
tubes brazed to the tube ocutside diameter and Joined to two 5/8-in,wdia supply

headers. The radial pressure distribution was obtained by mearns of 18 taps
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(0.020-1n. drill) located in the end plug. Into these were brazed small
dismeter tubes connected to the manometer board. Gas waes discharged from
the vortex tube through a thick orifice drilled in the end seal. Thermo~
couples were provided for meassurement of inlet gas, outside wall, and exit
gas temperature. ¥Figure 13 is a photograph of this vortex tuke. For opera-
tion with wall cooling, the tube was immersed horizontally in a contelner of
liquid nitrogen. Feed tubes were insulated to minimize precooling of the

inlet gas stream.

IT. Gas Analysis

The separation measurements necessitated determinaetion of the concentra-
tion of small quantities of Cgfae (perfluorodimethylcyclohexane) in helium,
CgFig was chosen because of its stability, inertness, volatility (35 mm Hg at
75°F), and molecular weight (400). Infrared analysis of the material used in
the‘experiments showed 1t 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 manipulaetor 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 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 determimation of Mm. 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 CgFisg-He mixtures were analyzed by measuring the thermal conductiv-

ity. Figure 15 is a schematic of the analytical apparatus, consisbting of
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two Gow-Mac Instrument Corporation Model NRL thermal conductivity cells. An
electronic thermoregulator was used to maintain the cell tempersture constant
to within #0.1°F, The cells were operated at 10 cm Hg abs in order to hold
the response time to 30 sec or less for the small sample flows of 5 cmg/min,
and for improved stabllity. 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 = slope of 10 mv/% CgFie. This system was sensitive
to a variation in concentration of %2 ppm of the heavy gas, using a lLeeds and
Northrup type K-3 potentiometer with a Mimneapolis-Homeywell 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-in.-dia plastic tubes Nos. 1 and
2 (ses Table I) were reported in ref 3. TFigures 16 and 17 illustrate the
variation in the peripheral to isentropic jet Mech number ratio; MpﬂMj*,
with mass Tlow rate per unit of tube length, 47(, for three values of the
wall pressure, pp. Note that MP/MJ* increased with 4Wz due to the increase
in driving torgue. The anslytical method (discussed on page 1k4) was used in

determining MP. MJ* was calculated from the ideal gas relationship:

- y S 1/2

()" -»

Y

r-31
)
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Since the nozzles converged and the pressure ratio, po/bp, across the noz-
zles exceeded the critical value, the true Jjet Mach number had to he less
than Mj*' The true jet effectiveness ratio, MP/MJ’ was therefore somewhat
greater than the value MP/MJ* as plotted. The maximum value of Mj* was

about 2; since M, camnot be less than 1.0, the true effectiveness ratio for

J
the maximum point in Fig. 16 must lie between 0.056 and 0.13. From theory
(1, g), MP/MJ should be of the order of 0.95 if the flow field were laminar,
p*/h = 1. The order of magnitude discrepancy between the observed and theo-
retical (leminar) vortex strength is best explained by postulating & turbu-
lent flow field with p*/u > > 1. Experimental determination of p*/u is
described on pages 70-Th.

Figures 18 and 19 show the variation of the exponent € in Egq. 3 with
mass flow rate and btube 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 5%%3

up to ?ﬁi ¥ 0.01 1b/sec ft.

IT. Experiments Almed at Boundsry-Laver Stabilization

A, Uniform Wall Bleed
l. Supersonic Injection
v was estimated in ref 2 that stabilization of the boundary
layer might he possible with bleed ratios, RB, 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 experimentsl attempts

at stabilization by uniform well bleed were performed using vortex

tube assembly No. 3, illustrated in Fig. 3 and deseceribed in Table I.
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The results are summarized in Figs. 20 and 21. In these and in the
figures to follow, Mp was determined 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 ;

ovserved with uniform wall bleed to that observed under similar pres-
sure and inlet mass flow conditions but with no wall blesd is plotted

*
against Rp, for R from 0.6 to 2.9, Mj varied from 1.8 to 2.1 in

B
these runs. Injection Reynclds numbers were in the highly 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 R, < 3.

In illustrating the effezct 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 Mr':O,S/Mp; the choice of r' = 0.5 is arbitrary. This quantity
ig nearly 1.0 for a potential vortex, so that fractional values in-

dicate deviation from ideality. Use of 0.5 Mr':O S/Np in place of €

to characterize the vortex velocity distribution is based on data which

indicate that Egq. 3, which defines € as = constant, is not always valid.

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

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

ditions. Note that increasing the bleed ratio caused significantly in-

creasing deviation from potential vortex flow.

2. Subsonic Injection

Failure Lo achieve laminarization in the first series of ex-

periments with supersonic nozzle injection may have been due, 1t was
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thought, to a high degree of turhbulence induced in the houndary layer
by oblique impingement of the Jjets 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 low Reynolds number. Insert slit A provided tangen-
tial injection at ra' = 1.0, directly into the boundary layer; slit B
was moved away from the tube wall to provide injection at ra' = 0.92,
outside of the boundary layer. Figures 9 and 10 illustrate these two
geometries., Figure 22 indicates that wall bleed may increase the
peripherial Mach number, MP’ slightly for slit A, whereas there ap-
pears to be a slight decrease in Mp with wall bleed for slit B. On the
other hand, Fig. 23 indicates a smaller decrease in the Mach number
ratio, 0.5 MO.5/MP, with wall bleed for slit B than for slit A. In-
jection Reynolds numbers in 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 compered to no-bleed conditions, and the
ratio 0.5 MO,S/N§ was also decreased by at most 9%. This means that
a reduction in exit mass flow by a factor of 2.5 is possible utiliz-
ing uniform wall 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 MO.5/Mp was decreased by

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

B
little change in MP was observed, but the Mach number ratio decreased
by perhaps 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 ra' < 1.0 at low Reynolds numbers.*

Figure 24 summarizes the effect of exit mass flow rate, 4bze,
on the ratio 0.5 MO.S/MP’ for the wall bleed data of Figs. 22 and
23. Note that the velocity distribution approached that of a poten-
tial vortex as 6ble increased, in agreement with the necessity that,
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 (CClzFz), molecular weight 121, uniformly into the
boundary layer through the porous wall of vortex tube No. 4-B, As
discussed on page 10, a concentration gradient of heavy gas toward
the wall is in the directlon to produce a favorable density gradient
in the voundary layer for suppression of turbulence, Furthermore,
since the absolute viscosity of Freon-12 is about 50% less tban that
of nitrogen at room temperature, the viscosity gradient is also favor-
able. The purpose of this experiment was, therefore, Lo 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 uin.) may have been sufficiently great to have iufluenced
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 equael 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, pp, such that the tangential Reynolds number at the tube periphery,
as defined on page 10, 1s 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 baslis of plotting for comparison pur-~
poses is M/Mj. Mj’ incidentally, was calculated from the weasured in-
let flow rate, the measured wall pressure, the estimated gas tempersiure
leaving the injection slit,* and the known slit area.

It is apparent from the figure that, when compared at equal ban-
gential Reynolds numbers, beavy gas injection caused an increase in the
value of MP/MJ by about 35%, dbut the ratio 0.5 MC.B/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 lsyer whieh are
favorable for stabilization can be produced by cooling the wall rela-
tive to the ges. Based on svailable information (;Q), it is estimated
thet the ratio of the adiabatic wall temperature, Tw’ to that of the
gas near the wall, Tp, should be less than 0.7 for a significant effeet,

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%.



-5~

UNCLASSIFIED

ORNL-LR-DWG 40718

1.0

06 & ] I
FREON12| N»
Mp/M; | 028 |0 21
0.5My /M, | 069 |0.80
y
0.5 P\ \
?
FREON-12 INJECTION, 0.024 Ib/sec - ft
Mj = 0.533
Pp = 19.4 psia
4 7! =0.012 Ib/sec- ft
-
S o4 \ |
s \
N, INJECTION, 0.024 Ib/sec - ft
M;=0.384
® p, =27.9 psia
\\\\\ T =0.012 Ib/sec - ft
\ d T
\A\-—____,
0.2
0.3 0.4 0.5 0.6 0.7 0.8 0.9
r’, RADIAL POSITION
Fige 25. Effect of Uniform Wall Injection on Mach Number Profile:

Basis of Comparison, Equal Tangential Reynolds Numbers; 2-in. Dia Tube

No. L B,



IIT.

w53

liquid nitrogen under mucleate boiling conditions (atmospheric pres-
sure) to cool the wall of O.Skmin.—dia vortex tube No, 5. Nitrogen
gas was introduced into the tube at about 10°F, and the gas leaving
the tube was at a total temperaturs of -245°F. Measurements without
cooling showsd & 10°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 +10°F at the points of gas injection of -235°F elsewhere.
The inside wall temperature was approximately -300°F. Thus the ratio
TW/TP was estimated to vary between 0.34 and 0.71, depending on the
circumferential position.

The upper cuyve in Fig., 26 is the Mach number profile obtained
with wall cooling under the conditions described. The lower curve
was obtalned with no cooling, and at a pressure such as to give the
same tangential Reynolds nmumber at the tube periphery. The jet input
power was the same for both runs; consequently, no correction for the
differences in Mj was regquired. Note that wall cooling produced an
ineresse in Mp of about 40%, with a decrease in the ratio 0.5 MO,E/Mp
of only 4%. Apparently some reduction in wall shear was effected as

was observed also with heavy gas injection.

Experiments with Axial Bleed-Off

An alternate method of removing the excess masg fiow 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 convenlently 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, MJ* = 2,
The s0lid 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 a lower inlet mass
flow rate.

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

obtained with 2~-in.-dis tube No. 4-A, Mj < 1.0. Mach number profiles are

L

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

0.975, RB = 1.6.

1.5, and a ref-

B

Also shown is a profile obtained with uniform wall bleed, R

[

B

erence profile obtained without bleed-off.

The axial bleed deta are summarized in Table II, Note that in the 1.0-in.-
dia tube with supersonic injsction, bleeding axially resulted in & decrease in
0.5 MO.9AMP of 15% for a decrsase in ‘278 by 7.5. In the 2.0-in.-dia tube with
sonic injection, the maximum decreamse in the ratio is 7% for a decrease in 4%Z€
by 2.3. The value of M@/Mj was not appreciably affected by axial bleed-off
when compared at equal values of iﬁ(i and pp, It is concluded that axial bleed-

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

mess flow in vortex reactor application.

IV. Geometrical Effecis

A, Tube Diameter

Experiments were performed with 0.64-, 1.0-, and 2.0-in.-dia vortex
tubes, PFigure 29 summsrizes the diameter effect for effective jet input
power, 10% 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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TABLE {I. SUMMARY OF AXIAL BLEED-OFF DATA

Tube Di;rr:::er m m, PBleid R Mioo b My Mo —0‘5 0.
No. (in.) " (Ib/sec ft) (Ib/sec ft) osr;’mn, B M* (psia) MP/M].* M,
3A 1.0 0.0540 0.0037 0.800, 13.5 20 50 0.25 0.57
0.500
4A 2.0 0.0650 0.0125 0.600 4.2 1.0 60 021 0.74
4A 2.0 0.0650 0.0250 0.975 1.6 1.0 64 0.18 0.84
3A 1.0 0.0280 0.0280 No Bleed 0 20 67 0.185 0.67
(Reference)
4A 2.0 0.0285 0.0285 No Bleed 0 0.43 50 0.20 0.80

(Reference)

-Qg-
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from the experimental values to allow for variation in M, from point

J
to point. The two reference values of Mj chosen are 0.6 and 1.0. Note
that the value of £/2 Ty 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 pressure, decreasing 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
Mp by a factor of 1.7 to 2.1. This occurred most likely because of
decrease in tangential Reynolds number with resulting decrease in tur-

bulent viscosity. The effect of tube diameter will also be evident in

several of the data plots to be discussed in later sections.

3. length+to~-Diameter Ratio

The measurements of this effect were obtained using 0.63-in.-~-dis
tube No. 3~B, and are shown in Fig. 30, where the value of Mp is cor-
rected to Mj = 0.6 as discussed in connection with Fig. 29. No effect
of length on the correctad Mp value was evident, over the range of

ﬂ/é rp from 5 to 18. This is an indication that the flow is essen-

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

C. Radi=al Position of Gas Injection

The best comparative data are those for tube No. 4 with continuous
injection at r_' = 1.0 (inseft slit A) and at ra’ = 0.92 (insert slit B).
As Fig. 31 indicates, slit B produced values of MP/MJ about 45% higher
than slit A. A similar result was found for nozzle injection, from

which it is concluded that the injection radius ratio, ra', should not
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exceed 0.95; data obtained with ra' < 0,85 also showed inferior per-

*
formanee. ra' values of 0.90 to 0.92 appear to ke near ophimum.

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

Variables
A, Mass Flow Rate per Unit Tube Iength
From & comparison of data for sub~ and supersonic injection, the
following observations can be made:
*

1. Jet effectiveness ratios B/Ip/"M‘j and l*/Ip,/'M!j 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. tubes at equal
42? and pp, for both sub- and supersonic injection.

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 rats, and pressure.

4, With subsonic injection, values of the ratio as high as 0.60

were observed.

Values of the Mach number ratio 0.5 MO,5/Mp which characterizes the
deviation from a potential velocity distribution scattered more or less
randbmly when plotted against mass flow rate; the actual values of the
ratio ranged from Q.66 to 0.98. Consequently, the velocity distributions

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

*From.shadow observations of Freson-12 injection, it wasz 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 jeb radius.
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that of solid body rotation, as was concluded also in ref 3.

B. Jet Injection Veloecity

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 velocity metches the tangential velocity at the point of jet
entry, the more effective is the utilization of the jet energy in pro-
ducing rotetion, since less of the energy is dissipated in slowing

down the jet.

C. Effective Jet Input Power

This quantity, defined by Eqg. 1, appears to correlate the combined
effect of mass flow rate and injection velocity. M@ is plotited against
P* in Fig. 33 for three tube diameters. The lines drawn for 0.6-in. and
2.0~in.~-dia tubes counect points of comstant wall pressure. These data
indicate that Mp increases with P* to approximately the 0,42 power when
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?
would vary with Pf'to the 0.5 power. A periphersal Mach number of 0.49
was measured in 0.64-in,-dia tube No. 5 at a wall pressure 83 psia,
Mj = 0.9, and an effective power inmput of 4.4 x 10°% 1b/secnft. The

dats a&lso indicete that to achieve the same Mp in s 2.0-in.~-dia tube at

the same wall pressure requires increase in P* by a factor of about 3.5.

%
Constant jet input power with incressing M, is obhained by de-
creasing . d



UNCLASSIFIED
ORNL-LR-DWG 40726R

» 0.6-in.-DIA TUBES 3B AND 5
¢ e {.0-in.-DIATUBE 3A
0.6 —a\
AN No GAS
ﬂ( \\>\\\\ 2 %
§\05 \_\ _ 10°P"=3.2 Ib/sec - ft
\Q '\\\ p, =108 psia
= N\ o
3 0.4 : N
§ §~
S 03 \\‘\
.\
0.2 =~
\
\\
0.1 ~e |
015 0.6 07 08 09 1.Q 1.1 1.2 1.3 1.4 1.5

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

-gg_



UNCLASSIFIED

ORNL-LR-DWG 40759R1

1.0
| POINT | TUBE NO. | TUBE DIA (in) | GAS | g, (psia)
0.8 — 0 48 2.0 N> 108
A 50
0 3A 1.0 He 63
O = 38,5 0.6 No 108
® 83
| A
|
0.4 ,4/
. -
— 8
/——()d// |
§Q == — — ——
///
-
/Q://
_1’— /A
0.2 o ”'/
”w”’ ‘..“D..
’/'—” —D—.’.-
0.1 wiad
0.2 0.4 0.6 0.8 1.0 2.0 4.0 6.0
10°P*, EFFECTIVE JET INPUT POWER (Ib/sec- f)
Fig. 33. Dependence of Peripheral Mach Nurber on Jet Input Power for

0.6, 1.0 and 2-in. Dia Tubes; Nip an

d He Gas; Subsonic Injection.

m99—



D. Wall Pressure

Increasing the wall pressure, pp, incresses the tangential Reynolds
number and, as will be shown, the virtusl viscosity increases. Thus, it
is not unexpected that the peripheral Mach number decreased with increas~
ing Pp’ as 11lustrated in Fig, 33. A value of Mp = 0.5 was obtalned in a

0.6~in.-dia tube a p, = 20 psia, 102 p*

= 2.1. To obtain the same Mach
nuwber 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. 3% which is a plot of P* versus pp for 0.6-ip.-dia tubes at

several fixed values of MP.
E. Peripheral Tangential Reynolds Number

This parameter iz defined as the product of tube dlameter, tangen-
tial velocity at the tube periphery, and density at the tube periphery,

divided by absolute viscosity:

2r v m
N Lo pTep P

t,p “p RTP

Peebles and Garber {17) found this definition to ke valid for vortex
flow in a sphere, and the Reynolds number so defined should be an
important similitude parsmeter. To test this hypothesis, a sumery
performance chart was constructed with the effective jet input power

as a function of Reynclds number for dats of 6k rans, includipg 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 MP of from 0.11 to 0.50 is
divided into seven subranges for convenience, The lines famning out

from the origin represent linesr approximations to the data for each
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Mach number range; the dats cover Reynolds numbers from 4 x 10* to
1.6 x 10%, It is inferred from the chart that to maintain constant
tangential Mach number with increase in Reynolds number requires an
approximately proportionate increase in input power. A discrepancy
in the results is apparent for 0.30 < M@ < 0,38, since at constant

*
NRe s increasing P causes s decrease in the observed Mp’ whereas

t}p X
outside this range the expected increase with P 1is found., More pre-

cise messurements are needed to resolve this discrepancy. UNevertheless,
it may be generally concluded from the chart thaet to achieve high tan-
gential Mach numbers at Reynolds numbers of practical interest, say

NRe > 1.0 x 106, will require large input power unless some means

t,p
can be found for effective suppression of turbulence.

VI. Determination of Virtual Viscosity

It hes 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 viscosiiy, p*, can be made by application of Eg. 6,
which relates the ratio r' Vt/vﬁ P to A = 121/2 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 hence p* from the observed ratio
0 * tube diemeters (0.6, 1.0, and 2.0 in.) and t
.5 Vt,r':O.B/vt,p' Three tube diameters .0, 1.0, an .0 in. ) and two
gases (nitrogen and helium) were represented. Mass flow rates covered by the

data ranged from 0.012 to 0.13 lb/sec-ft, Jjet Mach numbers from 0.2 to 1.0,

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

*
The value of u* so determined actually represents sn average value
over the range 0.5 < r' < 1.0,



from 0.2 x 1072 1b/see Tt to 5.0 x 10-% 1b/sec:ft. No runs involving Lleed-
off, injesction, or wall cocling were included, however, nor were any 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 tangsutial Reynolds number. The lesst-sguares lise is also shown.
Note that st the lowest Reynolds mumber, 4 x 10*, the experimental virtual
viscosity is already thirty times the molecular viscosity, and at the highest
Reynolds number, 1.6 x lOa, the ratio is incrsased to nearly T0O. Taus, the
conclusion that the flow is turbulent appesrs well founded. The data of
Peebles (&l) indicates similarly high values of u* for asgueous vortices.

Table III iz a summary of the resulis of linear regression analyses*
of all dats combined, as plotted in Fig. 36, and also of the data for the
0.6~, 1.0-, and 2.0-in.-dia tubes separst=ly. Note frow the last two columns
that only the 1.0-in.-dia data fails to correlate significantly at the 95%
confidence level. The eguations for the lsast-squares lines show variation
in the Reynolds number exporent Trow 0.66 to 0.86, omitting the 1.0-in.-dia
data from comsideration. The value of 0.86 for the combined data is con-
sistent with results of the Martinelli anzlogy (;é) for turbulent pipe flow
which predicts a variabvice in sddy thermal diffusivity with NR@ to the 0.9
power, The diffusivity in pipe flow is not constamt with radivs, however,
as assumed in ref 6 for vortex flow.

Scabber of the points on the p*/ﬁ versus NRe plot is shown by the
<
v,D

wide 95% confidence bands calculated Tor the ccefficients and exponents of

the lesast~squares eguationas, The least scatber and highest degree of

*
linearized by plotting on log-log paper.
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correlation were ovserved for the 0.6-in. tube diameter data.

The estimates of critical Reynolds number listed in the sixth column of
the table were obtained by linsar extrapolation of the least-squares lines
(log-log plot) to a value M%/u = 1. Because of the wide 95% confidence bands
and the long extrapolation involved, little significance should be atitached
to the actual numerical values of the estimates; the general comnclusion that
the critical Raymolds number in vortex flow is quite low is provably valid,
however, As a matter of fact, Peebles, from a theoretical analysis of boundsry
layer flow, foumd that the Reymolds number as defined in this report is the
proper one to characterize vortex flow and, furthermore, postulated that the
critical Reynolds number wmay be approximately 2,000. The results of this

study lend support to Peebles' postulate.

VII. Separation Experiments

Preliminary separétion studies reported in ref 3 were inconclusive, due
in part to the possibility of condensation of the heavy trace gas vwhich was
injected through the rozzles along with the helium under conditions conducive
to droplet formetlion. In order to eliminate such condensation, several runs
were made with the heavy gas, CaFis (m, = 400), injected as a very dilute mix-
ture with beliug uniformily 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 anslysis system are given on pages 33 — 37. The
sample probe was introduced at the mld-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
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conditions at the periphery. Based on vapor pressure data for Cgfis (%2):
the peak mole-fraction was maintained below 1 x 1074 {100 ppm).

From an examination of Egq. 7, it is seen that the Mach number, Mm’ at
the redius of maximum mole-fraction varies directly as the square root of
the exit mass flow, and inversely as the squars rcot of the molecular dif-
fusivity. In view of the small magnitude of the diffusivity of Ceafig in
helium near room temperature, Eq. 7 can be satisfied for values of Mﬁ which
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 Tflow. In
four of the experiments repcrted here, blesd-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 CaFis at rv' to that at the
tube wall plotted sgainst the radial position, r', of the sample probe.
Run 3 shows a dlstinct peak at rm" = 0.15, with rapid drop off at lower
radii, for axial bleed-off at r' = 0.25 and 0.40, Ry = 15.6. With bleed-

off at r' = 0.4 and R_ = 4.8, run % shows a weeker pesk at rm' = 0,17, Ia-

B
creasing the bleed ratic 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 Le appreclably weakened

by the local iufluence of the probe itselfl, although the peak position mey

ve 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

Parameter
1 2 3 4 5

Inlet He Mass Flow Rate, i, 0.028 0.030 0.023 0.013  0.030

(Ib/sec ft) !
Bleed Ratio, Ry 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].*
Exit Diameter, 2r_ (in.) 0.250 0.250 0.221 0.221 0.250
Bleed-Off Position, 0.40 0.40 0.25, 0.40 1.00

(axial) (axial) 0.40 (axial)  (wall slit)
(axial)

Wall Pressure, b, (psia) 55.6 53.0 56.3 40.8 40.8
Observed Mole-Fraction Peak 0.15 0.21 0.15 0.17 0.11

Position, r

nt

Observed Mach Number at rm', 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 € m

Calculated M (Eq. 10) 0.58 0.81
Ratio of Observed M to Calculated 1.2 0.87

M

m
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Tn run 5 bleed-off was radially oubtward through a single continuous wall
slit, and the heavy gas was injected through three of the twelve nozzles.
Droplet formetion may have occurred, therefore, causiung 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,
Kote that the gas was swept inward toward a peek at r' = 0.15, with little
vack diffusion. A similar result is reported in ref 3. The dashed curve is
the corresponding Mach mumber profile obtained with the sample probe inserted
to rm’ = 0.15.

Table IV comparas observed values of Mm obtained with the sample probe
inserted to ﬁmﬁ with values calculated from Eg. 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, Diz, for CgFis in helium of 0.247

+ 0.05C cm%/sec at 80°F, 1 atmosphere was obtained. This value wes corrected

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

of Mm agree sufficiently well to support the applicability of the eguation.
Apparently, considerable suppression of turbulence occurred near the tube

center, otherwise the moleculsr diffusivity would not be expected to apply.
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ERROR ANALYSIS

Static pressure was the besic quantity measured; from the radial static
pressure gradient, tangential Mach numbers were obtained by graphical dif-

ferentiation:

M2 = I 'd"_B“L (2)

This equation neglects radial and axial velocity cowmponents, but it is
doubvtful that the error thus introduced amounts to more than a fsw per cent.
The relative radius r' at which a particular static pressure tap was
located was known to within 10.5%a Differential pressure measurements were
accurate to better than t1% of the mesasured Ap, and the absolute tube wall
pressure was known to #0.5%. Thus the p' ratios are known to %1.5% or better.
The largest errors associated with the application of Eg. 2 involve those of
fitting the correct curve to the p'-r' data, and interpreting the slope of
the curve graphically as & function of r'. It is estimasted very approximately
that errors in measurement of dp'/dr' of up to %15% are possible. Thus the
observed value of M may b2 in error by 28.5% if the errors scoumulate.
An additional error results from exirapolation of the velocity profile
to r' = Ta' to obtain the peripheral Mach number, Mp' This error is generally
small for the 2.0-im.-dia tube data, say £5%, but mey be as large as *10% for
the 1.0~ and 0.6-in.-dia tube dats dus to increased scatter in the p' values
near the wall. Thus the values of Mp reported might be in error by as much
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 MOaS/Mp are t21%.
and *26%, respectively. Of course, the expected errors are less than these

maximum values.
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Errors in wmessurement of mess flow rate were probably of the order of
+2%. Mj can be determined to within #8%. Thus the effective jet input
pover, ZgZi, MJE, may be in error by as much as 18%. The tangential periph-
eral Reynolds pumber, 2 rp vt,p pp/pp, may be in error by at most 115% 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 date is not surprising. Specifically, the wide spread of the data in
Fig. 36, in which the virtual to molecular viscosity ratio is plotted as =
function of NRe+ , may be explained by consideration of errors in determina~-
tion of the velSéfty 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% sre multiplied to represent errors of forty to as much as several
hundred per cent in the estimated value of p*; the more nearly the velocity
distribution approaches that of a potential vortex, the larger is the wun-~
certainty in p*. It is for this reason that the values of critical Reynolds

mmber listed in Teble IIT are order-of-magnitude estimates at best.
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CONCLUSIONS AND RECOMMENDATTIONS

The principle aim of this investigation was to ascertain the nature of
flow in a jet-driven vortex tube with ewphasis on the measurement of vortex
strengths at low mass flow rates. A secondary aim was the study of separa-
tion of a light 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' > 0.5)
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 Tew tenths psia. It is further estimated that, at conditions of
practical interest for reactor application, the tangentisl Reynolds number
may be as much as 10® 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 inpul powers appreciably greater than the minimum
value required with laminar flow. DBecause 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.

b, The significant independent variahles which affect the vortex
strength are: +tube diameter, jet Mach number, mass flow per unit tube
length, and wall pressure. Combinations of varisbles which appear to cor-
relate ?he data include y 52{1 Mjéyé, the effective jet input power, and

2r_V ! the tangential ripheral Reynolds nuxber.
p V,p Pty 8 perip yo
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5. Subsonic injectlion was more effective in generating vorticity than was
supersonic injection for a given jet input power.

6. Agreement of the observed concentration peak position for separa-
tion of CgPis~He mixtures with theory for laminar flow is good. This fact
suggests that, near the center of the vortex tube where the peak developed,
the radial density (pressure) gradient may have been sufficiently strong to

suppress turbulence.

Since the results of this experimental study have shown that the vortex
flow field st conditions of interest for reactor application probably will
be turbulent and since the original analysis assumed laminar flow, it is
apparent that the influence of turbulence con reactor feasibility must be
evaluated. This will require a study of the effect of turbulence on separa-~
tion. Specifically, it is recommended that separation studies be carried
out first at a sufficiently low pressure and bhigh temperature to insure
laminar flow; as the pressure is railised and turbulent transition takes place,
any effect on separation should be resdily detected.

Re-examination of cavity reactor performance should also be carried out
spalytically, taking into account turbulence and the energy required for re-
circulation of the excess mass flow.

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 intermal density gradients as produced by the vortex motion
alons. The possibility is suggested in ref 1 that internal heat generation
combined with the proper concentration profile might produce a sufficiently
strong interpal density gradient to stabilize the flow. There is experimental

evidence that strong density gradients in the boundary layer produce some
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stablilizing effect. There is also evidence that stabilization may occur near

the center of the vortex tube where the stetic pressure gradient is high.
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