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This volume contams reprants of papers.presemed at aL____ymposmm'
on the subject "The Vortex Tube as a True Free Air Thermometer', held
at the Armour Research Foundatnon. Chicago, [linois on May 24, 1955.

The symposium was organized at the request of the Air Research
and Development Cormmand, Wright Air Development Center, Dayton, QOhio,
for the purpose of exchanging information among the various organizations
engaged in research programs on this subject.

Papers were presented by seven orgamzatmns with subjects ranging
from the theoretical aspects of flow in vortex tubes to a description of the
actual use of vortex thermometers for free air temperature measurement

from aircraft.

The sponsors of the symposium wish to thank the authors and other
partic1pants who helped to make the meeting a success. Special acknow-
ledgement is due Mr. K. W. Miller of the Armour Research Foundation and
Mr. R. L. Fine oi the Wright Air Development Center, who served as
chairmen of the sessions...
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THERMA L PHENOMENA IN A VORTEX

oy

C. Desmond Psngelliey
Southwest Research Institute
San Antonio, Texas
May 17, 1955

INTRODUCTION

In 1952 Southwest Research Tnstitute carried out a program to de-
tgrmine the commercial feasibility »f using the Jilsch tube principle in
place of a conventicnal expansion turbine 1o Abtain a significant temperature
drop while expanding a gas from high to low pressure. It was intended that
energy should be taken from the system by transferring heat from the hot
outlet through a radiator to atmosphere and then mixing the resultant gas
with the cold stream to obtain a total flow with reduced temperature. The

heat removed at the radiator would be the equivalent of work done by an ex-

. pansion turbins.

For various reasons, this program was not carried to conclusion,
the principle one being that no method was found to describe the basic mech-
anism by which the device worked. Design predictions for commercial sized
units therefore could not be made based on results obtained with laboratory
bench models and speculative funds were not available for full scale testing.
It is the purpose of this paper to oresent certain experimental data

that were obtained in the laboratory during this program and to sutline a hy-

pothesis of the writer pertaining to the fundamental mechanism involved.
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EXPERIMENTAL RESULTS

Two bench size Hilsch tubes were made. One was approximately % in.
dizmeter and the other 5 in., diameter. Due to limitaticns and the laborsa-

" tory air supply, high velocities could not be achieved in the large tubs and
relatively small temperature differentials were obtained, Nevertheless,
the size was such that it was possible to measure local stream lines and
velocities.

With the small tuba high velocities and large temperature differences
were Dossible but flow measurements could not be made. Ths greatest tem-
serature difference obtained was with the small tube using a.,lﬂ in, bleed
heis on the cold gide amd 80 Dyl gauvge pressure at the inset uvazle, fhe

following results were obtained:

Stagnation temperaturs of incoming air 72°F
Hot outlet 101°F
Cold orifice =37°F

™he large “ube was 5 im, in dimmeter and 12 4n. iormg. The bleed hole wize
#r the cold end was 3/16 in. in diameter and the outlet at the hot end was
% in, diameter with an adjustable valve. 3tagnaticn pressure of the inlet
flow was 1L psi gauge and a temperature of 83°F,
Under these conditions a probe of 1/16 in, diameter hypodermic tubing

was made o measure “otal head and static pressure and direction of resultiant
flow, This orcbe used an orifice 013 in. diameter. Traverses werea made at
the inlet plane and at stations towards the hot side at the following distances
down the.zpbe: 1% in., 3 in., & in., apd 12 in, The helix angle of the flow

was at all times less than the sensitivity of the instrumentation (lees than

3 degrees).
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The experimental data have been summarized on Figure l. It will be
seen that at the inlet plane tangential velocity is high at the circumferencé
and decreases to a minimum at approximately % the radius of the tube;
from this point inward, it increases and approximates the distribution of a
free vortex, except for the central core in which the resolving power of the

probe was insufficient to detect variations. At stations further removed from

the inlet plane, it can be seen that the circumferential velocity decreases, as

might be expected, and the overall flow approximates that of a free vortex,

except for indeterminacy very close to the center.

For the flow shown on Figure 1, the following conditions existed:

Hot side temperature B3°F

Cold side temperature GBeF

Inlet temperature T ge°Fr 29 °F

Room temperature T7°F i
Tnlet pressure 1L psi gzuge %
Tow through hot outlet 2h.2 cfm |
Flow through cold outlet 12,5 cfm #X

Stagnation pressures werse found to decrease at the center as shown
in Figure 1. This is consistent with the low temperature measured at the out-
let; however, it was not possible with the apparatus at hand to measure actual
local temperatures in the flow.

Empirical expressions wereiset up to regresent the flew pattern and
estimates indicated that commercial feasibility might be possible, though

" not conclusively predictable.
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MECHANISM OF THE HILSCH TUBE

In spite of the vast biblicgraphy that exists on the Hilsch tube and
‘related phenomena, the writer does ho; know of any phyeical explanation
of the mechanism by which it operates; A hypothesis is presented, there-
fore, which is believed to preseat a reascnably probable piciure of the ac-

tual behavior.

First, consider the velocity distribution in twe different kinds of
circular flow. These are'as foilows:

1., A centrifuge with no radial flﬁw ;ﬁd with viscosity,

2. A comventicnal vortex withﬁﬁt vié&dsity and with radial

flow. ' . e

For Type (1} a finite quantity‘qftgas?can be imagined completely en=
closed in a whirling cylinder. Due %o viscosity the steady state condition of}
the system will'reéuii.in.a.veloéity distribution heving no viscous shear far-i
ces. This condition is met when the tangential velocity 1ls dlrectly propor- |
tional to the radius, that is to say, when the angular velocity is constant
and the gas rotates as a rigid body. T

Type (2) flow consists of a conventional vortex or wnirlpeol. This
results when a‘pressure sink exists in.the‘presence of a large supply of fluid.
Ngglecting the effect of viscosity, acceleration towards the sink will cccur in
‘response to a small pressﬁ;e gradient. The velocity distribution will be ac=-
cording to Bernoulli's equation, velocity head being gained at;thqlggggggp“pf

static pressure. This results in circular flow about the sink, the tangential

velocity being inversely proportional to the radius.



N

Acceleration will continue as long as the pressure gradient exists
and when it is removed the vortex will continue with constant strength. In
actual practice, a pressure gradient and a finite flow must be maintained
of a sufficient magnitude to put snergy into the system equivalent to the
heat energy that is being generated by viscous effects,

It is evident that temperature in the vortex will decrease toward
the center as the veloclty increases according to the conventional.laws of
the expansion of ideal gas. However, neglecting viscosily, there 1s no con-
ceivable way in which this high velocity,.low temperature gas can be slowed
down without returning to stagnation renditions -- it cannn® tharafarg be userd
as a low temperature sink. Due ito viscosity, the tangential velnanities, of
course, camnot reach infinity and, as mentioned previocusly, there must be a
central core rotating essentially as a rigid body. There will alsc be a
transition seciion over a definite radius in which the fMow cammot be appruzif
mated. by sither of the Iimiting typese

The velocity distribution in the core will be of Type (1) as described
previcusly, having constant angular velocity and no viscous forces. Since,
by definition, no radial flow exists in a centrifuge, Bernoulli's theorem will
have no effect upon velocity distribution under steady state conditions. The
radial pressure gradient at any radius will be directly proporticnal to the
density and angular acceleration..’ This means that gas at the circumference of
the centrifuge will have maximum pressure and it will decrease as the center
is approached. Effectively, the gas will find itszelf in a gravity field set

-

up by the action of the centrifuge. This is equivalent to the situation that
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exists in the atmosphere. It is well known that the steady state condition
results in a stable lapse rate, with the temperature decreasing as the pressure
decreases. The relationship between pressure and temperature is a function
of heat conductivity in the gas. If it were zero, an adiabatic lapse rate woul
exist as one extreme, and if it were infinite, an isothermal lapse rate woulic |

exist as the other., Without solving *the exact gas equations for equilibrium
i
within a centrifuge, it can be seen by inspection that under steady state con-.

ditions with no radial flow, a lapse rate must exist with temperature decreas-é
ing towards the center.

In a Hilsch tube, therefore, we can imagine conventional vortex flow
from the circumference in to some critical radius, centrifuge flow from the

23

center out to a somewhat smaller critical radius, and transitional flow

between these two critical radii. Because of viscous effects, a total pressure

drop and a finite radial flow is essential through the vortex region in arder
+o maimtzin the vortex at a corstart strength. This radizl fiow most have an ;
outlet in order to maintain steady state conditions. |
In a typical Hilsch tube in which the cold orifice is plugged the entife
flow goes out the hot orifice. Its temperature rise will be due to viscous
heat generated in the vortex. As the flow approaches the hot outlet, tur-
buleﬁce will tend %o break down the vortex patiern, as well as the steady
state condition of the core and too, will tend to mix and pass out of the hot
orifice as a wurbulent st;'eamu At an appreciable distance up stream‘frcm the
hot o?ifice, however, axdal flow will be slight and there is nothing to prevent

the formation of a selid core acting as a steady state centrifuge with zero

radial flow, amd exhibiting a temperature lapse rate towards the center.



Visualize now a plane perpendicular to the axis of the tube and taken

to the station of the cold »rifice and well removed from the hot orifice.

close
Ag one moves radially inwards from the circumf{erence, increasing velocities
will be experienced with decreasing pressures and temperatures. Some axial
component o} flow will exist, until finally one approaches the transition region.
In the transition region, viscous forces will tend ‘o decelerate the gas working
against the pressure gradient in much the same way as in a boundary layer.
Te&peratﬁres will rise but since the main effect of the viscous forces is to
change the acceleration and not the velocity, the temperature rise in the
transition region will be small. As the transition region is passed, one
apnraches the circumference of the solid core where the heating effect and
radial componentlaf flow will both anproach zero, and where temperature and
velocity both decrease towards.the center,

The foregoing explains the oresence of a low temperature core in a
Tlowing vortex, Tlow through +he cold orifice of a3 Rilsch tonbe cvan be vismal-
izea as follows: Imagine that steady state conditions have been established
and a cold core exists, Awbleed tube may be installed and the cold core re=-
moved. This operétion will immediately produce radial flow in the centrifuge.
Such radial flow will result in Coriolis acceleration and momentarily increase
angular velocity at the center and consequently the generation of viscous heat.
This increase in heat generation will be the equivalent of the brake horsepower
that must be removed from an expar;ion turbine in order o obtain cooling of

a compressed gas. When the cold air in the core has been removed, the bleed

hole may be closed. After a short time, steady state conditions will again be
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set up and another sample of air from the cold core may be withdrawn. It
can be seen that each time a ccld sample ig drawn, additional heat is gene-
‘rated and passed-oué of the hot orifice, Thisg process can be carried out
uniformly by reducing the rate of flow through the bleed and increasing ths
frequency of sampling until it becomes centinuous.
It is evideht, therefore, that the Hilsch tube mechanisu is similar
to that of an expansion iurbine in Wwhicn viscous forces within the gas are
used Lo remove energy Irom the gas whenever cold air is withdrawn. Con-
timicus Flow through the hot orifice must be maintained in order to prsovide
the energy necessary to keep the vortex at steady state conditions. This
is essentially *a fluid drive transm1331on#, which i< "nnﬂed o keep the cen-
trifuge going. In order %o increase ef’1c1encv of a Hllsch tube, therefore,
it is necessary to improve the efficiency of the "fluid drive®. Just hov to da
shis is the 364 questiom. In general, the requirement is to keep wortax flow %
to a minimum and maintain as much centrifuge type {low as possible. Once ;
this has been achieved there is no reason to suppose that the "turbine power"
which must be removed at the hot side when actual cold flow exists, will be
appreciably different from the actual brake horsepowser taken from an ex-
pansion turbine and dissipated in the form.of heat through a dynamometer.
There is no reason that by suitable design of the flow chamber,,tber—'
modynamic efficiencies of-"the 4ilsch tube could not be made to approach those

of an expansion turbine without +he introduction of moving parts.
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