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A PRELIMINARY EXPERTMENTAL STUDY OF VORTEX TUBES
FOR GAS-PHASE FISSION HEATING

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

SUMMARY

An experimental study of a simple jet-driven vortex tube has in-
dicated that the viscous retardation of the vortex motion is so severe
as to prevent the formation of vortices of sufficient strength for vortex-
cavity reactor applications. The large viscous effects are most likely
due to the existence of turbulent flow in the tube; hence a second experi-
mental study, aimed at production of laminar vortices, has been initiated.

Even though the viscous effects in the vortices are very sfrong, the
variétion of tangential velocity with radius is near that for an inviscid
vortex, with the velocity being proportional to the radius to a power which
varlies between -0.4 and -0.8.

A simple model representing the influence of the outflow through the
central exit nozzle on the vortex core structure is proposed. Satisfactory
agreement with the measured pressure distributions near the vortex center
has been found.

Although the tangential Mach numbers generated in the present appara-
tus are too low to permit separation of gases under the conditions required
in vortex-cavity resctors, preliminary separations of helium from both bro-~
mine and a heavy fluorocarbon {CsgFie) have been obtained. The heavy gas
councentration peaks were very near the center of the vortex tube, at radial
positions which are in reasonably good agreement with the predictions of

thgﬂggg}ysis of Ref. 1.
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INTRODUCTION

ihe capabllities of vortex tubes for the production of very hot gases
by fission heating have been explored analytically.l A schematic drawing of
such a vortex tube, applied to rocket propulsion, is shown in Fig. 1. A
low molecular weight gas is introduced to the tube tangentially, so that a
vortex motion is preduced. The light gas flows spirally inward, diffusing
through a cloud of high-molecular-weight fissionsble gas. The heavy gas
is held against the radial mass flow by the centrifugal force field pro-'
duced by the vortex. After passing through the cloud of fissionable gas
and absorbing the hesat generated in it by fission, the light gas flows down
the center of the tube and out througﬁ a nozzle at one end.

In the analytical study of this device, three important assumptions were
made: the flow was assumed to be laminar, inviscld, and two-dimensionsal,
with complete uniformity along the axis of the tube. The anslysis indicsated
that under these conditions the vortex tube should be capable of producing
high gas temperature ratios at mass flow rates of the order of 0.0l pounds
ker second per foot of tube lengith, as limited by the diffusion of the light
gae through the heavy gas. The inlet tangential Mach numbers required were
about wnity. That this mass flow rate is rather low mey be seen by compari-
son with “Hilsch Tube” experiments,® in which the mass flow is about ten
times as large.

It was concluded in Ref. 1 that essentially inviscid vortices can be
generated at these low mass flow rates if the flow is laminar. However, if
the flow is turbulent, 1t becomes difficult to estiwmate the viscous effects

on the vortex strength.
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In view of these facts; the experimental study of vortex-separation
tubes has been divided into two distinct experiments. The purpose of the
first experiment was principally to determine the magnitude of viscous
effects on the vortex strength. In addition, an estimate of the influence
of the outflow through the nozzle on the vortex structure has been obtained.
Preliminary separation experiments have been carried out, but under flow
conditions far removed from the design point. While this experiment cannot
be regarded as a suzcessful demonstration of separation from the standgpoint
of application to vortex reactors, it is useful as a reference point for
the analysis of Ref. 1. The results of these first experiments are given
in this report.

Since 1t was expected, and later confirmed experimentally, that the
viscous effects for turbulent flow would be so strong as to prevent the for-
mation of vortices of adequate strength, a second experimental study aimed
at production of laminar vortices has also been initiated. The method to
be explorsd consists of bleeding a portion of the inlet nozzle mass flow
from the vortex tube through a uniformly porous tube wall. An analytical
study of this idea® indicated that it should be possible to stabilize the
shear layer on the tube wall for reasonsble bleed mass flows. The results
of this experimest will be reported in a second document.

A detalled description of the apparatus and instrumentation for the
first experiment is given in the body of the report; however, some key
design criteria will be mentioned here. The design of the experiment was
based on three similarity parameters: the nogzle inlet Mach number, the

Reynolds number based on the tube diameter and tacgential velocity, and the




ratio of radial mass flow rate t¢ dynamic viscosity. The design and oper-~
ating conditions of the tube were so chosen that each of these parameters
would be equal to that for a typical high temperature vortex tube as de-
scribed in Ref. 1, Table I. The necessity for eguality of the first two
parameters 1s obvious. The last parameter was found, in Ref. 1, to govern
the magnitude of viscous effects on the vortex strength. It is really a
Reynolds number based on the radial flow velocity and tube radius.

An essential feature of the vortex tubes being considered here is that
the fluid is introduced nearly uniformly over the peripheral surface of the
tube =20 that a uniform radial flow is established. With the low mass flow -
rates and high tangential veloclities required by the diffusion process, the
inlet nozzle area 1s pecessarily very small. Thus, the nozzle coﬂffguration
which has been chosen is a series of very small discrete jets, evenly spaced
around the periphery of the tube.

Tbe presentation of results is based on correlation of the data with
predictions from simple analytical models, rather than the presentation of
large amounts of original deta. Thus,; the results will consist largely of
the values which the parameters of the avalytical models must have in order
to hest correlate the data; however, some examples of the agreement of the

experimental data with the predictions of the models are also given.




APPARATUS AND INSTRUMENTATION

The geometry selected for the initial experiments is a 1-ft section
of vortex tube of 2-in. inside diameter, bored in a 4-in. Lucite block,
as sketched in Fig. 2. Twelve brass feed nozzles are located in the wall
of the block so as to form a broken spiral of entrance jets spaced 1l-in.
axially with 90~deg rotation between adjacent nozzles and continuing the
length of the block. The inside surfaces of the nozzles are honed flush
with the inside diameter of the tube, as shown in the detail. Two such
vortex tubes, differing only in size and location of the feed nozzles,

have been run. These are compared below:

Vortex Injet Nozzle Radial Position
Tube No., Dismeter of Nozzle, r'
1 0.0135 1in. 0.92
2 0.0100 in. 0.8k

Note that for a given supply pressure, tube No. 1 will pass about 80 per
cent more mass flow than tube No., 2.

The feed nozzles are supplied with gas from four headers drilled in
the plastic block so that each one feeds three nozzles in line. Fig. 3
is a photograph of tube No. 1 showing the arrangement of feed headers and
nozzles, Note the use of "0"-ring seals between the tube proper and header
charnels (top of photograph) and the supply plate. The exit plate is like-~
wise sealed. Thus, the vortex tube can be readily removed and the end plates
interchanged. The three tubes seen projecting oubtward are wall pressure taps.
Gas exhausts at one end through an adjustable amnular orifice directly to the

atmosphere, as shown in Fig. 2. Other exit configurations which have been
<
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Fig. 2. Sketch of Experimental Vortex Tube.




Fig. 3. Plastic Test Block—Vortex Tube No.{.
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explored are discussed later.

In order to measure the radial static pressure distribution, a number
of pressure taps are located in the feed plate as seen at the left of
Fig. 2. Fig. 4 is a photograph of the frame and end-plates with the block
removed, showing the adjustaeble exit orifice snd axial probe at the left,
and the feed plate at the right. The layout of the thirteen pressure taps
on a close spiral starting at the center is clearly shown. The radial

position of the taps is tabulated below:

Tap Radial ?osition Tap Radial ?bsition
No. r No. r

1 0.000 8 0.570

2 0.093 9 0.703

3 0.203 10 0.820

4 0.320 11 0.875

5 0.375 12 0.938

6 0.438 13 1.000

7 0.493

Taps 2 and 3 are not visible in the photograph.

In addition to the end pressure taps, several probe taps entering
radially through the wall are included (as shown in Figs. 2 and 3). These
are used to measure static wall pressure and can accommodate the sampling
probe used in the separation experiments. Also included is an axial pres-
sure and sampling probe which can be run into the tube by a rack and pinion

drive.

L



Fig. 4. Vortex Tube Holder.
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Fig. 5 is the over-all flow and instrumentation diagram. Helium or
nitrogen gas is supplied from cylinder banks through pressure regulators
and appropriate metering devices to each of the four supply heasders at
pressures up to 600 psig, as read by Bourdon-type test gauges upstream
of the feed-plate entrance. Valves are provided for controlling the in-
dividusl header flows if necessary. The pressure in the vortex tube is
regulated by the exit valve up to a maximum of 150 psig. All pressure
measuring taps are connected to "quick-connect® plug-in couplings, panel
mounted, with provision for manual connection to any of four gauges to
read absolute or differential pressure. In addition, a manometer bank is
connected to reamd ten pressure differentials simultaneously as indicated
in the diagram. The absolute pressure measurements are good to * 0.2 per
cent of full scale KlSO psi), and the differential measurements to 2 per
cent or better.

Provision has been made for adding a trace-gas component by satura-
tion of a portion of the supply gas in a bubbler tank. The gas thus
saturated can be iptroduced through the tangential nozzles, or through
the wall or end pressure taps. Thermocouples are provided to measure

inlet gas temperature and tenk temperature.
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PRESENTATION AND ANALYSIS OF RESULTS

Viscous Effects

For laminar flow with negligible sxial velocity, the tangential

momentum equation may be writien as

dv v _u Ja* 1 av
dr  r pu T

where v and u arve the tangentlal and radisl velocities, respectively,

p is the density, and r is the radius. For the present purposes, it is
convenient to rewrite the equation in terms of the tangential velocity
divided by its value near the wall of the tube, and the radius divided

by the tube radius. If we denote these quantities by primes, we fipd

~.2 It
dv’ v'
drg + < ) {dr|? + ! ar ! - rae } (l)

If p is interpreted as the sum of the actusl viscosity and the apparent
viscosity due to turbulence, this equation may also be applied to turbu-~
lent flow. If the effective p is also assuwed constant, then since pur

is constant, we may write the equation as

&1
r'® @~X¥=+ {1 + l} %%” (1 - ﬂ) v =0 (2)
dr'® o
where K = p/bur,
The solution of Egq. 2 is
_1-K
K

v = Al(r')ml + Az(r')

For K - 0, the flow must approach a free vortex flow, for which v' is




proportional to r'"l; hence for K -+ 0, the second term, which is propor-
tioral to r' to a large negative power, must be negligible. For any
given small K, this second term is most important for small r', so as K
increases from O, we expect a deviation from the r™! behavior first at
small r'. As K increases, the second term should become significant
over g larger range of r', until for K of order unity, the two terms are
of about: equal importance over the full range of r'. In particular, for
K = L/Q, both terms are proportional to rot.

Since the power of r' in the second term varies from O to +1 as K
increases from O to +», it 1s not inconsistent with this exsct solution

of Eg. 2 to assume that v' is given by
v! o= Cr'® (3)

where -€ 1s between unity and zero. If K is very small, this single term
must be regarded as a sum of the two terms In the previous equation; how-
ever, for K between +« and l/é, the second term alone gives -¢ from -1

to 1. Thus, for the present, we meke the identification

€ = = 5 K= gt (%)

The reasonableness of this cholice will be indicated later by comparison
with the data.
The radisl pressure gradient is given in terms of the tangential

velocity by

or in terms of the dimensionless variables, by



1 dp' 2 Y2
p' a' T 7% T (5)

whers Mp is the tangential Mach number of the vortex at r' = 1. The tem-

perature variation is closely given by

-1
T = (pa) 7

Using this relation and EBg. 3, in Egq. 5, and integrating, we find

PR (7,1)1\42
1- () 7 - 2 [ -1 (6)

-Dg (I" 1 );QEZ

For properly ehosenivalues of € and Mp’ Eq. 6 fits the experimental pres-
sure distribution in the vortex tube quite accurately. An exsample of such
& correlstion is shown in Fig. 6. This run was made with the tube No. 2,
with the amular exit orifice 0.28 in. in outside diameter, nitrogen as
the working fluid, and inlet manifold and tube wall pressures of 545 and
63.8 psia, respectively. The ideal Jet exit Mach number for this pressure
ratio is 2.06, while the attual tangential Mach number of the vortex was
0.0763. The exponent, €, was ~-0.695, and this gives K = 0.590,

The comparison shown in Fig. 6 is a very sensitive indication of the
¥y - 1

precision with which Eg. 6 fits the data, sirce the guantity 1 - (p') 7

varies by two orders of magrnitude, and there is an inflection in the curve.
The actual pressure, p', doss not deviate significantly from the computed
curve, except nesr the centsr of the tubs vhere the influence of the exit
nozzle ig felt. This is shown in Fig. 7.

Although the fit is very good, there is still the possibility that a

combination of the two terms of the solution of Egq. 2 would give as good a
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it for some value of K much less than 0.590. However, it will be shown
later that the analysis of the influence of the nozzle outflow on the vor-
tex structure indicates that a K of 0.590 is of about the right magnitude
to expiain the measured pressure distribution near the vortex center,

In view of the excellent fit obtained with Eg. 6, the bulk of the pres-
sure distribution data has been reduced by computing single values of Mp and

€ for each experiment. The guantities which could be varied for a given run

wers the hedei@¥dssure and the tube pressure. Since the inlet nozzles
were choked (sonic) at nearly all operating conditions, the mass flow rate
rer unit of tube length, 7)11 was simply proportional to the header pressure.

The variation of € with mass flow rate and tube pressure is shown in
Fig. 8 for tube No. 2 and in Fig. 9 for tube No. 1. These values were com-
puted by fitting Eq. 6 to the pressure measurements at two points on the
tube radivs. Thus the scatter may be due to uncertainties in measurements
at these two particular points. The uncertainty could probably be reduced
by & least-squares fit of Eq. 6 to the pressure distribution for each run,
tut the amount of labor involved in such a fitting process appeared pro-
nivitive,

In spite of the scatter of the values of €, two polnts are clesr.
First, the values of € are very much closer to the value (-1) for a free
vortex than to the value (+1) for & solid body rotation, The values of K,
computed from Eg. 4, range from 0.7 to 0.55 as ~€ varies from 0.4 to 0.8.
Second; the velues of -¢ do increase with increasing;?ﬂl (at least up to
abouttnqg = 0,01 lb/sec=ft) as would be expected if the effective viscosity

were nearly constant. There 1s also some effect of tube pressure, which msy

3
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he either a Reynolds number effect or an effect due to the change in jet
exit Mach number with changiong tube pressure.

The variation of the ratio of the actual tangential Mach numiber of
the vortex to the ideal jet exit Mach number with 7y and tube pressure is

shovn in Fig. 10 for tube No. 2 and in Fig. 11 for tube No. 1. If the

%
filow were

e

ﬂviscid, the ratio would, of course; be unity. It i1s much less

than unity, as a result of the high viscous torgue exerted on the fluid by
the turbulent shear layer at the tube wall. It was predicted in Ref. 1
that for a laminar vortex the "effectiveness of vortex formation” M@/Mj
should increase as increased, because the ratio of the torque exerted
on the fluid in the tube, by the sntering Jet for a given value of MP/MJ

to the torgue exerted by the Wail shear layer, lucreases withzvl. This
effect is also present in the turbulent case, ss may he seen most easily
from Fig. 11. However, because the effective viscosity is increased by
turbulence, a much higher mass flow rate would be reguired to approach the
inviscid vortex with turbulent flow than with lamipar flow. The mass flow
rates required to generate turbulent vortices having tangential Mach numbers
near unity would be an order of magnitude higher than can be tolerated by
the diffusion process at that tangential Mach number. It is therefore con-
cluded that some means of stabilizing the shear layer on the tube wall, or
otherwise reducing the viscous retarding torque, is essential to the pro-
duction of vortices of sufficient strength for the vortex reactor applica-

tion.
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Influence of Exit Nozzle on Vortex Sﬁructure

As the center of the vortex is apéroached, the radial velocity, u,
must approasch zero as the fluld turns and flows axially down through the
tube and out the exit nozzle at one end. Thus as the center of the tube
is approached; the differential equation governing the tangential velocity
becomes that which is obtalned by putting the right side of Eqg. 1 equai to
zero. The solution of this equation is the familiar "solid body rotation®,
for which v is péoportional to r. On the other hand, it has been demon-
strated that in the outer porticon of the tube Eq. 1 describes the variation
of the tangential velocity quite accurately if u/bur is taken as a constant
slightly less than unity. The flow then approaches a free vortex, with v
proportional to re vhere ~€ is near unity.

Between the free vortex region and the center, the flow therefore
changes character as p/bur changes from a comparativély small value to a
very large one. As a first approximation, it will be assumed that -pur

varies linearly with r' hetween zero and some r',, which is characteristic

t

of the exit nozzle radius, and that -pur 1s constant for r' greater than

r't. Then for r' greater than r't, the tangential velocity is given by
Eq. 3. For r' less than r't, Eg. 1 becomes

av' v! K L& 1 av v'

A Tt T T T ¥ —{ 2 AU 2 (7)

t dr r
It is comvenient to write the equation in terms of r* = 1‘/% and v =
v’/v(r't). We then have
2 % Av¥ *
*2 dV~ 3% X av _ .,.‘.].:;o *
r e % {1+ K) TF (1 Ki) v¥ =0 (8)

dr*é!
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This equation has been integrated for several values of K. The results
are plotted in Fig. 12.
it Mt is the tengential Mach number of the vortex at r't, then from

Eq. 5 the pressure distribution is given by

L odpx g2 v*2 .
p* dr* - 7 %y Tepx 7

and if T* = p* 7 , we find upon integration,

r-1 1
1~ px 7 V2 _
= ¥ - ; .
2 5 dr* = I (r*, K) (9)
(y - 1) M, %

Values of I (0, K), computed from the values of Fig. 12, are given in
Fig. 13.

From the previous analysis of the portions of the flow with pur
constant, K is known for a given experimental run, hence the integral is
known as a function of r¥. But the left«haqd side of Eq. 9 can also be
computed from the experimental data, and is a function of both r¥* and r't,
If a given value of r¥ is selected, then r't may be dtermined from Eg. 9.
The radius r't has been determined in this way, for r¥ = 0, for runs made
with twe different exit nozzle configurations. In the first run, the noz-~
zle was an annulus, with 0.28-in. outside dismeter. In the second run,
the nozzle was a central hole 0.125 in., in diameter. The experimental
pressure distributions for these two runs are shown in Fig. 14, with the
values of K and € determined by the procedure outlined in the preceding

section. The values of r' and I (0, K) found by the procedure out-

g Mo

lined above are also given.



l/*

3.2

2.8

2.4

2.0

1.6

- e

ORNL-LR-DWG 32 238

/“\K:o.f

0.4
0.6 | =
/:/ .
“G8-T07 ]
0.6 0.8 1.0
r‘*

Fig.12. Variation of Tangential Velocity With Rad-
ius Within Region Influenced by Exit Nozzle Cutflow, for
Various Effective Viscosities, K.



7

O.K) AND 7 {O,K )X 140

!
\

..27’..w

ORNL ~LR-DWG 32297

I (0.K) X410
\\M
0 0.2 0.4 06 0.8 1.0

K

Fig.13. Dependence of 7 (0,K)on the Effective Viscosity,A.



..28._

SN
ORNL~LR-DWG 32298

0.5
SYMBOL o —Te——
" HEADER PRESSURE 545 psia 545 psia 7
TUBE WALL PRESSURE 674 psia 63.8psia
0 L NOZZLE CENTRAL, Ygin. ANNULUS, 0.28-in.0D _
' € -0.843 ~-0.695
M, 0.0659 0.0763
K 0.542 0.590
M, _ X
ot M 0.620 0.355 -
B A 0.075 0.113 ]
I(0,K) 1.205 1410 -
0.05¢ §
CL
= ®
L
5 \
0.02 \
0.01 \
\
R\
0.005 | Y
N
N
\
\
)
N
\\
0.002 Yj{ -----
N\
\
N\
\
\\
0.001
0 0.2 0.4 0.6 0.8 1.0 (.2
/./

Fig. 14. Pressure Distributions and Correlation
Parameters for two Different Exit Nozzle Configurations.



. -29-

The values of r’t do not agree exactly with the value of r' corres-
ponding to the nozzle radius, being 20 per cent smeller for the annular
nozzle and 20 per cent larger for the central nozzle. This spresd can
probably be attributed to the different nozzle geometry, i.e., to the
hlockage at the center of the annulus nozzle. In any case, two conclu-
sions seem justified. PFirst, the effect of the outlet flow on the vortex
structure can be approximated by the model given here, with r't close to
the value of r' corresponding to the nozzle radius. Second, the values
of K, deduced previously from the exponent in v o l/re, are of the right
order of magnitude to explain also the behavior of v near the nozzle radius.
These are really two independent checks on K, so that the values presented
in Fig. 14 can he given with some confidence.

On the basis of this analysis, it is therefore felt that if the effec-
tive viscosity is known for the body of the vortex, the influence of the

outflow through the nozzle on the vortex strength near the center can be

predicted, at least approximately, by the method given.

Prelimingry Separation Experiments

The tangeontial Mach number of the vortices generated in the above ex-
periments increases very rapidly with the decreasing radius, hkecause of the
decrease in temperature with decreasing radius, as well as the increase in
the tangential velocity. Therefore, although the tangential Mach numbers
near the outside Bf the tube are much too small to allow a concentration of
heavy gas near the wall of the tube, there is a possibility of obtaining =
concentration very near the center of the tube, 1f a sufficiently small

exit nozzle is used.

L e
@ T L
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This possibility has been explored with helium as the light gas, and

both bromine and a heavy fluorocarbon (CgFig) as heavy gases.

Bromine Separation

Bromine vapor, which at room temperature is reddish brown and readily
observed by eye, was used as & heavy gas with helium. A light source was
focused on the exit plate of the vortex tube through a ground-glass diffuser
plate, to produce uniform illumination across the tube.

Figs. 15 (left) and 15 (right) are black and white prints of Ektachrome
pictures taken axially along the tube under the operating conditions summa-
rized in the first two lines of Table I. It is believed that the small dark
annulus near the center of the tube in the left photograph is a gaseous con-
centration of bromine while the larger dark ring is a cloud of condensed
bromine.

It is difficult to avoid the condegsation, because the concentration
of bromine which is required for visibility 1s near the saturation concen-
tration at the conditions existing in the tube. For comparison, a case in
which no such gaseous separation can be detected in the photograph, but in
which a cloud was formed, is shown at the right of Fig. 15.

The pressure distributions for the above two cases are shown in Fig. 16,
the upper curve corresponding to the photograph at the left in Fig. 15, and
the lower curve to the photograph at the right. Both the experimental points
and the fitted curves from Eq. 6 are shown. From the values of € and M_ ob-
tained by fitting the pressure distributions,\the variation of the tangen-
tial Mach number with tube radius can be computed. The Mach numbers are

shown in Fig. 17.
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Fig. 15. Photographs Taken Axially Through Vortex Tube Operat-
ing With He and Bro, Showing at The Left a Large Ring of Condensed

Bro,and at The Right Only The Condensed Br,.
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TABLE T,

SUMMARY OF OPERATING CONDITIONS OR_THE SEPARATTON EXPERIMENTS

Header Tube Walil Mass Tenp. éf
Fig. Vortex Exit Plate Pressure Presgsure Gas Flow Feed Gasg
Na. Tube  Configuration Heavy Gas Feed »psig nsig Pair lb/sec °r
18 {ieft) 1 3/16-in. -dig Radial thru probe 400 o) He-Brg C.0055 8o
hole tap 3 in. from
static end
18 {right) 1 3/32-in. -dia Redial thru probe 400 38 He-Bra 0.00183 80
center hole, tap 3 in. from radial,
2C - 0.028-in.- static end 0.00412
dis peripheral periph.
holes
21, A 2 3/16-in. center Tangential thru 625 37 He-CgFis  0.00410 79
hole four headers
(12 nozzles)
21, B 2 3/16-in. center Axial thru end 625 36 He-CaF1g  0.00410 77

hole

Pressure taps at
r' = 0.093, 0.20,
0.32, 0.375

-agm



-33- _
ORNL~-LR-DWG 32299

o\ M, ,Ibjsec ft -€ M,
\ e 0.0055 0738  0.094
0.2 |- \ o 0.0018 0.458 0094 —
\ %
04 LA\
A\
\ \
O\
0.05 X \
\ LEFT PHOTOGRAPH (Fig.15) ———
s RIGHT PHOTOGRAPH (Fig.15) ———
s N
7 0.02 o\ \t\
R
0.01 \‘:,1
o
8
0.005 P
Sf
0.002 .
O
0.0014 e
0 0.2 0.4 0.6 0.8 1.0
/,-/

Fig.16. Pressure Distributions Corresponding
to the Photographs of Fig.15.



_34,_ .
ORNL-LR~DWG 32300

2.4
2.0
16
M2
0.8 M, lbfsec ft  -¢ My M-
00055 0738 0094 165
00018 0.458 0094 093
/ e -
= LEFT PHOTOGRAPH (Fig.15)
0.4 —x N RIGHT PHOTOGRAPH (Fig45) ~—
0
0 0.2 0.4 0.6 0.8 1.0

fﬂl

F1g.17. Mach Number Distributions Corres-
ponding to the Photographs of Fig.15,with Values
of Mach Number Required for Separation, M, .



e -35-

It was found in Ref. 1 that, at the tube radius where the maximum
ratio of heavy and light gas densities occurs, a simple relation exists
between the tangential Mach number, the radial mass flow rate, the fluid
density, and the binary diffusion coefficient. If the heavy gas density
and mass flow rate are small compared to the light gas density and mass

flow rate, the relation is,

Qﬂme 12 1

A :7Mm2<§%‘f“9 (7)

where
= gas density at radius of meximum density ratio
Diz = binary diffusion coefficient at same point
21y = radisl mass flow per unit of tube length

¥ = ratio of specific heats for light gsas

M
id

1

tangential Mach number at radius of maximum density ratio

Z2/77y = ratio of masses of heavy and light gas molecules

The diffusion coefficient was compubted by methods of Ref. 4 for
helium and bromine.

Values of Mm are listed on Fig. 17. Comparison of the computed value
of Mm = 1.65 for the upper curve, with the values of M computed from the
pressure distribution, indicates that for this case a coucentration peak
would indeed be expected for a radius of about 0.03 in. ' This agrees with
the size of what appears to be a clear core in the photograph at the left
of Fig. 15. Conversely, from the lower curve of Fig. 17 and the value of

Mm = 0,93, it seems unlikely that a high enough Mach mmber for separation
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was attained in the case shown at the right of Fig. 15, and no separation
could be detected in this case.

The agreement between theory and experiment is really somewhat better
than might be expected, in view of the fact that the flow in the tube is
turbulent, while the calculation of Ref. 1 assumed laminar flow. It is
possible, however, that the pressure drop experienced by the gas as it flows
inward is sufficieant to reduce the turbulent fluctuations near the center of

the vortex to a very low intensity.

Fluorocarbon Separgtion

The heavy fluorocarbon (CgFle%) is stable, relatively inert, and has
sufficient volatility (35 mm Hg) at room temperature to permit significant
gas phase concentrations. These properties, together with its molecular
welght of 400, make it an almost ideal heavy gas for separation experiments.
However, it cannot be detected visually, and its diffusion properties with
helium are not known.

In the experiments to be described here, a very fine radial probe was
used to sample the gas mixture in the vortex tube. Fig. 18 is a sketch of
the probe showing the geometry of the telescoping segments, the smallest of
which is 0.008-in. outside diameter with a 0.004-in. opening., The largest
tube in contact with the vortex field near the wall is 0.017-in. outside
diameter, Even this relatively small probe has a measurable effect on the
vortex strength as shown in Fig. 19, in which the pressure ratios are those
measured at the closed end;:the probe was positioned 3 in, from the exit

Plate. O course, it is possible that the disturbance created at the tip

*
Perfluorodimethylcyclohexane
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of the probe may have an effect much greater than that indicated in the
figure. In fact, there is some evidence that the vortex center 1s dis-
placed inwardly and that the probe is deflected slightly by the circula-
ting gas so as not to intersect the true centerline of the tube, Tt
seems reasonable to believe that the influence of the probe will fall off
rapidly for positions beyond r' = 0.050 and the concentration data to be
presented should be interpreted with this in mind.

The sample was led to a thermal conductivity cell. The instrument,

& GOW-Mac Instrument Company Model NRL small volume, four filament cell,
was connected as shown in Fig., 20. The cell was balanced to give zero
output with pure helium on the reference and sample sides simultaneously.
The sample was then admitted and the output read on a sensitive potentiom-
eter, Note that the cell was operated at 10 cm Hg absolute in order to
decresse response time for the small sample flows of about 25 standard cc
per minute. The calibration is linear, with a slope of 10.2 mv/per cent
CaFia at & total cell current of 150 ma.

Measured mole-fraction distributions of CgFie are shown in Fig., 21
for two methods of introduction of the heavy gas. The tests were con-
ducted in tube No. 2 with the cperating conditions given in the last two
lines of Table I. In the test corresponding to curve A, the fluorocarbon
wag introduced through the tangential nozzles with the helium. In the test
corresponding to curve B, the fluorocarbon was introduced through pressure
taps in the closed end of the vortex tube. The manner of introduction of
the heavy gas has a pronounced effect on the concentration profile near the

cutside of the tube, because the separation effect in this case is so weak
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that the residence time of the heavy gas in the tube is not large compared
to that of the light gas.

In bothlﬁ?%%%ﬁﬁcases shown, a sharp rise in the mole fractions exists
up to about r' = 0.05. If it had been possible to continue the measurement
to r' = 0, it is expected that the mole fraction would have decreased again.
This was not possible for the two reasons given above: that the probe was
deflected by the flow, and that it may have disturbed the flow near the core
of the vortex.

The inflections in both curves A and B at about r' = 0.15 are probably
due to a cloud of droplets similar to that seen in the photograph of the
bromine-helium tests. Since the response of the probe to these droplets was
not known, no quantitative information about the cloud other than its posi-
tion can be gained from the measurement.

It is believed that, slthough these data are somewhat uncertain, they
indicate that a peak in mole fraction of gaseous CgFig probably existed in
both cases, and that the position of this peak was inside of r' = 0.05. A
calculation of the radius at which the peak would be expected has been car-
ried out, as for the bromine-helium core. The diffusion coefficient for
helium and CgFis is not known, but a value was estimated from data on cyclo-
hexane. The pressure and Mach number profiles are shown in Figs, 22 and 23,
with the estimated value of Mm‘= 1.1. This gives the expected position of
the mole-fraction peak as about r' = 0.04, which is quite consistent with
the data of Fig. 21.

Thus, it is felt that the data for helium and CgFys substantiate the

conclusions reached for helium and bromine.

S
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CONCLUSIONS

On the basis of the preceding data and anslysis, the following con-
clusions seem Justified:

1. In a simple vortex tube such as that sketched in Fig. 1, the flow
ias turbulent at mass flow rates of interest, and the viscous effects are so
strong as to prevent formation of vortices of adequate strength for applica-
tion to vortex reactors. It is therefore concluded that some means of sta~
bilizing the shear layer on the tube wall, or otherwise reducing the viscous
retarding torgue, is essential to the production of vortices of sufficient
strength for the vortex reactor application.

2. Even though the viscous effects are strong, the variation of tan-
gential velocity with radius may approximate that of an inviscid vortex.

3. A simple model has been developed which predicts, at leagt approxi-
mately, the influence of nozzle outflow on the vortex structure near the
center of the tube,

L, It is believed that preliminery separations of helium from both
bromine end & heavy fluorocarbon have been obtained, although the interpre-
tation of the experimentsl data is somewhat difficult. The tube operating
conditions under which separation was achieved are not suitsble for appli~
catlion to a vortex reactor. Reasonably good agreement between the positions
of the heavy gas mole-fraction peaks and the positions predicted by the anal-~

ysis of Ref. 1 were found.
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