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Abstract

In connection with a study of the gas separation taking place in the
vortextube, aseries of pressure determinations has been carried out, These,
together with data from the literature, permit an evaluation of the magnitude
and shape of the tangential velocity profile in the type of tube tested. It is
indicated how these results may be interpreted in terms of the strength of
the radial and axial velocity components.

In a previous publicationl) a number of experimental data were pre-
sented, showing the gas-separation ability of the vortex tube. It was con-
cluded that the driving force behind the observed effects is the centrifugal
field.



fn (e preseut ooosiigeticn o niionad wiformation about the condi-
Hons prevailing in the tvpo of tibe resced (Mg, 1and ref, 1), fig, 1) has been
obtained by meaguring sialic pressures at the wall, along the periphery and
clsewhere, More extensive niensurenments have been made by other authors,
and by taking such data niv account w fairly coinplete picture of flow condi-
tions inside the tube has heen obluned,

Experimental, Moasuremoents of static pressure were made through

0.5 mm holes in the walls, Theiv positions are shown in fig. 1. The vortex
tubes employed were made Tram povspex,

Differential pressive measurements were carried out between seven
points simullaneously to within I ma Hg, while absclute pressure values
were obtained to within one fo five cm llg at pressures from one to four at-

mospheres,
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Results

Figs. 2-4 show typical pressure data for tubes with different orifices,

In tubes with narrow orifices and sonic velocity in the ducts, the total
flow varies in a characteristic way as shown in fig, 5, while it attains its
limiting value (approx. 37 l/min for an inlet jet diameter of 1 mm and a
gauge pressure of 3,6 ato,) in tubes with wider orifices.

A plot of the total flow as a function of peripheral pressure indicates
that the latier is almost identical with the true back pressure of the jet, with
sonic velocity at lower peripheral pressures, There is a small discrepancy,
which is probably caused by an irreversible pressure drop betweenthenozzle
and the first pressure point,

The relation between orifice diameters and peripheral pressure is
shown in fig, 6, where, in order lo obtain monotonous functions, only data
measured with one or the other orifice closed are given, With sonic velocity
in the jet, this relation is determined on the one hand by the pressure build-
up near the axis that provides for the necessary acceleration of the flow into
the orifice, on the other hand by the radial pressure gradient created by the
rotation of the gas. At smaller orifice diameters the peripheral pressure
is determined by the magnitude of the total flow, which, as mentioned, is
limited because sonic conditions are created in the exit duct, This critical
flow is, however, not direcily deducible because, as before, the pressure
in the duct is a funciion of the radial «nd the axial pressure drop in the
vortex tube,

It will be noted in fig, 6 that the pressure-orifice relation depends
significantly on the length of the tube; see below for a discussion of this
point,

[t is possible to obilain a fairly complete picture of the tangential
velocitly distribution from pressure data such as those given in figs, 2-4. In
order that this approach may be successful it is necessary lirst to select a
limited number of functions which experience has shown to be physically
relevant,

A number of papers have appeared which give detailed information
on the tangential velocity distribution iu special types of vortex tubes. It is
characteristic that they fall into two rather well-defined groups (table 1),

2)

Group a contains the data of Scheller and Brown™ and of Hartnett and

3 ; . A
Eckert ) and clearly shows the existence of a forced vortex alimost from the

centre to the periphery near the jet; iurther away the velocity maximum

4)

moves somewhal in. Group b contains data measured by Keyes™ and by




Ter Linden (for a gas c:_yc.]umx}'rj) which indicate the existence of a semifree
vortex in the outer region, w.e, v 2 ¢! where n is negative, which changes
to a forced vortex near the centre, 'The data of Reynoldsﬁ), belong chiefly
to this group.

The two-dimensional theory by Einstein and Li7) and by Deissler and
Perlmutters) accounts fairly well for the general trend in these resulls,
According to this theory the radial Reynolds number Reyrad = P ur/p (where
i may be the molecular or the eddy viscosity, depending on the type of flow
in the tube) determines the velocity profile in such a way that group a results
are to be expected when Reyrad is smoall compared with one and group b
results when it is somewhat greater than one.

In tubes with a large vadial inflow (group b) the theory has a limited

4 . C
applicability, as pointed oul by Keyes 2 and by Kendall ))

, because a major
part of the radial flow is carried by the end-wall boundary layers. This has
the double eifect of reducing the effective Reyrad in the main tube while
giving rise to strong axial flows, at ceriain intermediate radii, originating
from the end-wall radial flow,

As shown by Kendall, these flows rmay not have lost much of their
angular momentum and may therefore contribute considerably to the meas-~
urable tangential velocity disiribulion in the main part of the tube,

Furthermore, a discrepancy between theory and experiment is to be
expected because of the agsumption that p is a constant, The flow in the
vortex tube has been found to be turbulent (see refs, 9) and 4)), but it is
probable that the turbulence will diminish as the gas moves towards the
centre (see refs. 4) and 9)); thus a reduction in eddy viscosity must result,

Experiments show (see refs, 4) and 5)} that the overall result of
these modifying effects is thai, in the expression for v 2o rn, n has a con-
stant negative value in the outer part of the tube {Keyes' results show n =
3/4), changing fairly suddenly to n = 1 at a radius approximately 2/3 of the
orifice radius,

In long tfubes with litile radial flow (group a) the two-dimensional
flow picture breaks dowr, and theie i+ a considerable reduction in periph-
eral tangential velocity alung the tube It is clear that, connected with this
change, there must be a tendency of ihe radial flow {o be displaced away
from the jet, If we apply the theory of Deissler and Perlmutter to the two
ends of the tube separately, it becomes clear why the tangential velocity
changes under these conditions from @ forced vortex near the jet to a semi-

free vortex at the other end,



This change in veloctiy poalile may create an axial pressure gradient
at intermediate radil, which wili produce a reversed flow towards the jet,
resulting in an ouilward rodicl flow ot the jet, Such « flow hes been stated

10)

guoted above may be inferred sinee the velocily profile at the jel is shown

by Sibutkin to exist in a similar tube, and its existence in both cases
to be concave upwards, i, e, n in the expression for v is here greater than
+1 (cf, the experimental results below),

It Is interesting to note that tangential Mach nunmbers near one have
been obiained only in grovp & luwes,  The vapld reduction iu tangential
velocity along the tabe 1 thie se cages thus becormes understandable. Further-
mote the cause of the velucily sistiiiwdion at the jet may conceivably be the

establishment of the outward radial {lnw there,

Calculation of the Velocity Profile

The following assuwnptions, basod on the discussion above, were
made:; A forced vortex always exisis in the region limited by a cylinder with
a radius 2/3 that of the orifice; oniside this region v is proportional to I‘n,
where n is & constant that may have any value between -1 and +1 (or possibly

greater),

hot end wall (at r = 4 1mm}, at the cold end wall (at r = 3 mm), and finally
measurements in the exit ducts and boyond (see fig, 1), When there is no
net flow through one of ike ovifices, i, ¢, when the valve therc is compleiely
shut, the pressure along the wall of that duct is somewhat lower than the
pressure at the corresponding radius in the main tube, but higher than that
at the centre, Thus a crriain amount of gas is allowed to be accelerated
into the duct at ite perorvecy sid turned back along the axis, It follows that
at an infermedisie raube the pregsure in the main tube must be the same

as the wall pressure o0 fbe exil, A probable value for this intermediate
radius would appear to. o aiout twe ihirds of the orifice radius, In this way
additional points on the v csrurs Gooiibition curve s have been obtained,
These points are reasonably retiable .7 the orifice at the closed-off exit duct
is not too wide,

as shown in Gge. 2-4, give directly the type of veloc-

* b

he best data
ity profile that exists in the tube, i, €, the value of n in the expression for v,
and also provide the magniiude of the pevipheral fangential velocity,
In table Il the most Likely valucs {or \Jp and n are given (in cases of
equal probability two valoes are showi} for a humber of orifice diameters

and two different tube lengths, The inlel or jet velocity as calculated {rom




the flow vohune and the peripheral pressure is shewn for comparison,

The difference between the long and the short tube, which was already
evident in fig, 6, appears clearly in table Il. In the short tube the velocity
distribution is essentially indepeniesc ol the axial position, as shown by the

fact ihat changes of the v _and n values are monotonous with changes in ori-

9]
2

fice diameter even thougl'l thie configuration of the fube alternates between
open-cold/clossd-hot orifice and vice versa, Thir rvesuli, {ogether with the
negative n-value, shows ihail the short fube beleays to the group b tubes
discussed above,

In the long tube, ©n the other hand, there is a marked difference
between the two configurations, This means that the flow cannot be approx-
imated by a two-dimensional model: The flow picture strongly resembles
that obtained with group a tubes, 1. ¢. there is a forced vortex near the jet
at all radii, changing to a semifree voriex in the outer part of the tube
towards the far (hot) end of the tube, and probably a considerable reduction
of vp along the periphery., In addition, sn outward flow near the jet is highly
probable, especially so since the nressure data might have been better fitted
with an g-value grealer than one,

It is readily seen {table 1i} that the bypothesis made above concerning
the difference between group a anu group b tubes predicts a difference be-
tween the long and the short tube of the same kind as that found experimental-
ly.

A comparison of the periphieral tangential velocity with the expected
jet velocity shows that o cousiderable reducticn takes place at or near the
let, as wuas to e expecied, The otz for the long tube are not accurate

enough to decide whelher fhere o @ zlahilizaticn of the jet velocity in this

CAS e,
The acin Lovelu oo 0 oot flow wnd perp’ clal pressure are selecied
by the tube in such a wo o v the proosure digtribuiion in the centre region

of the fube is cuitable for nccelorsiing wae fJow info the exit duct, In agree-
ment with this it is found by calculalion thut the absolute magnitude of the
pressure in the cenire vegioce i fadily asensiiive 1o changes in tube length
at large orifice diameters, whero v job fngits the flow volume., The
finding (fig, 6) that the periphecs] proessure is lower in long tubes than in
short thus reflects the fact thai ‘e pressure gradient is sieeper the shorter
the tube,

Similar resulis bave boen b ced by Kendall, who explains this
trend in tevins of o varying contribatioon of the end-wall boundary flow to the

total inflow,

—h—



When the orifice limits the flow, a similar relation nolds, but the
pressure at the cenire should be lower the shorter the tube (for a given
orifice) because the gas volume will decrease with an increase in pheriph-
eral pressure, Thus the pressure gradient in the 1 cm tube, which has not
been measured directly, is probably greater thau indicated by the differences

in fig., 6.

The Flow through the Open Exit

The pressure measured at the wall of an cpen exit duct and the flow

volume through the exit may be uscd for the calculation of the axial velocity

of the gas in the exit wh- it Is talen into account that the pressureatthe cen-
tre of the vortex fube . vipvsents the stagnation pressure of this flow, The
calculation has a meaui:: »nly for novrow orifices, where the radial pressure

difference is small comprred with the pressure drop from the centre of the
tube to the surroundings.

The velocities calculated on ikis basis for the position in the duct
nearest the orifice are still far below sonic, On the other hand the pressure
corresponding to choking cuused by friciion in a narrow orifice duct may
still be much greater than the pressure of the surroundings (see fig. 7); thus
il follows that the gas leaves sufficiently narrow orifice ducts with sonic
velocity., Fig, 7 shows that the criiical pressure at the point of choking,

i, e, at the end o! the narrow exit duct, is in certain cases much lower than
the pressure predicted by a iinear extrapolation of the measured pressure
values along the duct. It is therefore necessary that a considerable pressure
reduction takes place between the last pressure poini and the mouth of the
duct., This reduction may well be caused by a sudden breaking-up of the
superimposed rotational motion in this region, leading to a so-called hot

spot there,
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Table 1

Relative axial flow: total flow/Dz

Lur/ Bl from a comparison with the velocity profiles

8)

given by Deigsler and Perlmutter ™',

T
D “ dc d’h No. of o pp Total Relative | Average |Pur |Pur | Mach
cm | L/D jets flow 1 axial adie o T {group
/ em | em J atm | atm | 2OV R radial | p He | number |grov
1/min flow flow at jet
1/cm min
- 1 . 4
Hartnett Eckert 7-5 19 Q annii- &8 i,7 11 i~ i 200 0 0 1 % a
lar ’
; 1 . By oo 1 8
Scheller Brown ! B 43 0,9 1 1.3 1 L2 LL,5 8 8200 1 & 100 3 40 I T CHEN
P B 5
' ; 1 i ) 1 :
Present =, 1 135 6,2 (o2, v laslo2 35 -1 383 2.8 34 I - a |
; i
| | i 3
| « o~ -~ ;o s - = ] L ) :
Present exp, | 1 i 0.2 0,2 H i, 8 | 2 33 ¢ -4 {33) 35 450 10 = b
! , ; 1
Keyes 5 5 - 1.2 - 6 3 [~ 0 18 240 10 T &
ti | i
1 !
Reynolds T~ | 16 3,2 13,2 8 12,3 {1 2300 i - 40 20 265 2 1/2,5 b
|z
. l g -
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. . . 2 1
Tangentisl velocity, 10 mm tubes(D=10 mm), vrr forr < rp=gr; Vior for ro<r <r

I D
2 r, = B ; !

L T T “p “jet vp n v pp § Pe

dc r"'ﬁh = ‘ . H H
= - cm Hy cm o Hg
Lo i, mifsec | m/sec
1-? ks
[ B4 A ! Ers M ] g } 1o 3 ¥l
6 | 0,75 1 20 105 20/14 -/ = 42/5% 310 300
a | Lo
1.0 1z 165 15730 -5 65/1i6 1 2532 © 240
D |

1.5 L0 250 65745 ~ g~ L14]143 217 P173

2.0 13 315 75 .- 208 52 103

3.0 5.0 313 80 - 179 | 114 26

1

4,0 3,75 315 105 -7 146 99 78

1 I a 4 - ¢ ! 1 1 one ) o
13—2- 0.75 20 1190 11/13 + 1/ ) .-‘/3 30& 367
1.0 15 195 40 + 1 3 263 261

1,5 10 315 20 -1 36 162 158

2.0 7.5 315 90 +1 12 112 106

3.0 5 315 20 -é 30 91 90

4,0 3.75 315 115 +1 31 85 79

o1
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Fig, 1. Diagram of the vortex tube, The letters indicate pressure points,
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Fig. 2, Wall pressures as functions of hot-flow fraction, 8, i, e. flow

through dh over total flow, dC = 0,75 mm, dh =1 mm,
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Fig. 3. Wall pressures as functions of 8, d, =1,5 mm, dh = 2 min,
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Wall pressures as functions of 9, dc =3 mm, dp = 4 mm,

Fig, 4.
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Fig. 5. Volume of air through vortex tubes as a function of 0. dc = 0,75 mm,
d, =1 mm,
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Fig. 6,
or 2ri = dh'

el ——————————————




i1

P | ch
cm| 6 _
Hg |13.5 dg=0.75
200}
6
135
100}
B oy D E
0 | 14 | | 4 |
orifice 5 mm 10 end of duct

Fig, 1.

Wall pressures in open exit duct (cf, fig, 1).



