INVESTIGATION OF THE ENERGY DISTRIZUTION

IN A HIGH VELOGITY VORTEX TYPE FLOMl —

L1

oy

E. R. G. Eckert
Professor of Mechanical Engineering
University of Minnesota

J. P, Hartnett

Assistant Professor of Mechanical Engineering
University of Minnesota

INTRODUCTION

‘™he vortex tube has been the subject of cénsiderable interest since it was
first patented by George Ranquerof France in 1921, This device essentially con=-
sigts of a simple tube such as shown in Figure 1, into wnich compressed air is
introdiced tangentially tc the tube surface resulting in a separaticn of the
_compressed air into a low energy ceniral region and a hign energ;‘odfer region,.
In this country, the vortex tube principle was introduced immediately after the
war, when a graﬁp of United States scientists discovered a working model in the
_ Iaboratory of Tadolph Hlsch in Germamy. The Tmitial imterest In the vortex
fube was its possible application in the field of refrigeration. Extensive
testing of the overall performance of this device indicated that it was guite
inefficient and could not compete with the existing commercial refrigeration
machines. During this period many different theories were advanced to explain
£he observed pefformance of the vortex tube, among these were the work of
Kassner and Knoernschild (L}, Fulton (2}, Webster {9), Scheper (5), Schultz-
Grunow (5), Ackeret (1), Wenig (153 and Van Deemter(7). The early experimental
work consisted of measurements of total flow, cold end'flow'and hot end flow
for various combination of nozzle sizes, crifice sizes and valve openings. The
results of these investigations coniributed little to a basic understanding of

the energy transfers within a vortex {tyce flow and could cast no light as %o
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its use as a dew point indicator. ~Perhaps the application now raceiving the

lishing of a welledefined vortex in a tube of sufficient diameter to allcw the

which, if any, of the analyses are basically correct.
In more recent years several new applications of the vortex iype have been

suggested. Among these are its use as a dehumidifier or mass separator and alse

.

greatest attention is its use as a free siream static temperature indicator fori
aireraft at high flight speeds as first suggested by Vonnegut (8). In this iﬁsé
mentioned application, it is the hope that the cooling effoct associated with tH
vortex type flow can be made to exactly ccmpensate over a wide range of altitud;
and speeds for the iﬁcrease in temperature above free stream static condition
caused by the aerodynamic heating effect.

Realizing that developmental work on applicaticns of the vortex tube was

TP

contimuing even though the energy transfers occurring within such a vortex type
flow were not understood, the Heat Transfer Iaboratory of the University of
Minnesota submitted to the Office of Ordnance Research a proposal to undertake
an experimental investigation. This proposal called far the measureunent of %
pressures and temperatures within the vortex type flow and the interpretation
of such measurements. The Office of Ordnance Research agreed to support the
orogram which was activated in Februa:y_l?Sb and has-¢ontinued under their
support to the present time.

EQUIMMENT

Three Inch Diameter Vortex Tupe

The primary consideration in the design of the vortex type was the estab- |

. insertion of measurement probes withouti causing a ma jor disturbance of the

entire flow. In addition, it was felt that the tube should be iransparent to
allow flow visualization studies. As a consequence, a three inch diameter
Plexiglass tube of 30 inches in length was selected and is shown in Figure 1.

The manifcld section was fabricated of traﬁéparent'plastico Eight nozzles;

>
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} equally spaced around the circumference of the tube directed the compressed air

/ tangentially into the main vortex tube. At a distance of 2 inch fram this nozzle

/

f
1 cross section, the so-called "cold end" orifice section was located and was so

constructed that various size orifices could be inserted from O inches (completely

closed) up to 1 inch in diameter. At the other end of the 30 inch long tube a

-

cone-shaped valve was lccated. This geometry was chosen to preserve flow symmetry,
—_— -
and with a single noted exception this was the valve used throughout the itest

program reported herein. Opening ports for inserting instrumentaticn were located
at 4 axial positioﬁs along ﬁhe tube. The completed unit was installed at the
quantities of clean dr; compressed air were available. A venturi meter installed
prior to the vortex tube measured the flow rates of the air. -

The instrumentation necessary for the measurement of ?ressure and temperature
had to meet several criteria. The crobes have to be made as small as possible in
order to minimize the flow disturbance, but sitill tﬁey'must be stiff enough to
withstard the forces within the ITlow field. The probes should also be relatively
insénsitive to variations in yaw and pitch, since it is practicable to rotate the
probé oﬁly in one plane which may result in the probe not being completely aligned
with the velocity vector. Fortunately, the National Advisory Committee had
conducted many tests on total pressure probes and reference to this work (3)
indicated total pressure orobe gecmetries which appeared promising for the type
of measurements anticipated. The ?psulting total pressure nrobes are scaled-down
versions of probes tested by the NACA and are shown in Figure 2. The NACA
measurements indicated that the Kiel type total pressuré proﬁe is insensitive to
within 1 per cent of the impact pressure (i.e., total pressure-static pressure)
over an angle of. attack range of + 41.5°. The other total pressure probe shown
is insensitive to changes in angle of + 37° with the same accuracy, 1 per cent

of the impact pressure. These {igures on insensitivity were obtained in a

. . »
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straight flow, and when the probes were used in the vortex Iube some diflerences:

0 i

were found. In this case of rotating flow, the probes were insensitive to chang

NS B NS

The static pressure probes are shown in Figure 3. Two different models of ;

the Prandtl probe are used, one with L holes around the circumference and the ot

with only 2 openings. The L hole Prandil orobe was constructed first and when
measurements indicated large radial pressure gradients in the vortex tube, it wag
decided to construct another probe with openings only on the sides, thereby ha
openings only at the same radius, The third probe shown is a commercially avaiﬂ
srobe constructed by the Flow Corporation of Jambridge, Yassachusetts, and hac .
excellent characteristics with respect to insensitivity t0 yaw and pitch anglesi
The oressure probes are from 1/16 to 1/8 inch in diameter and are of tHe hook tyi
thereby ensuring that all measurements are nmade in the plane 2f the probe stem,k

The total temperaturs probes shown in Eigure 4 were constructed in the lab{
oratory and were designed to gi?e hig?.recsvery factors, thereby alloﬁing the
measured temperatures to be interpreted directly as total temperatures., The
temperature measuremenis with these two probes demonstrated excellent agreement3
outside of the central core. |

A probe holder was designed to retain the probes and a Vernier micrometer :
mounted on the hqlder indicated the radial nesition of the orobe inside the .
vortex tube. In addition, the orientation of the probe could be read from a
mounted proiractor. L

Five Inch Diameter Vortex Tube

Recently a five inch diameter Plexiglas vortex tube has been constructed

more control of the inlet air velocity orientation. This is accomplished by t

+

use of a grid of 12 inlet guide vanes, which are so installed that one central

control moves all 12 vanes simultaneously. This essentially allows control of

the ratio of axial to circumferential velocity. The entrance 2 the guide vanet

>
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is carefully contorted to grevent Ilow separation. The resulting vortex tube is
shown in Figare 21. Its L foot transparent section is connected by eight feet of
sheet metal niping to a blower. The blower draws the air througn the guide vanes,

metal piping and discharges 1t to the
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An egg-crate type straightener is nlaced in the sheet metal piping before the blower.

TEST PROGRAM

Three Inch Diameter Vortex Tube

The main objective of the research program is to attain an understanding of
the energy transfers within a vortex type flow. OConsequently, it was decided to
initially concentrate in the case where a well defined vortex is generated at the
nozzle cross section and proceeds in one main direction down the tube to be dis-
charged éhrOugh the cone shaped valve. The "cold-end" orifice is completely
closed during these studies.

Attempts were made at {low Qisualization, first by introducing smoke and
later_by uée of a single wool tuft stretched across thé tube on a fine diameter
wire. The smoke techrigque was ﬁnsutcessful at the hirh velocities ovcurring
within‘the‘B inch diameter tube as it immediately diffused, giving no information
about tge flow pattermm. The second technique of introducing the wool tuft was more
successful. it thé outer edge of the flow near the wall the tuft indicated a
velocity with negligible radial compenent and having a large circumferential comoonent
and also an axial component in the direction of the cone discharge valve: As the
tuft was moved toward the central region of *the flow the axial component decreased

-
and the velocity was directed mainly in the circumferential direction. In_the
region near the very center, the tuft behaved in a very erratic manner and gave
evidence of a turbwdent core.

The next step involved the actual reasurement of statlc and tatal pressares
and total temperatures at several cross sections along the tube length. The initial
+ests were made with an inlet pressure of 1C psig, which was.maintained Dy a pressure
OF TECHNQLOGY
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regulating valve. The total pressure was first measured by rotating the probe

the positicn where the highést pressure was :ndicated and the angle reccrded.

static oressure and tnptal temperature probes wWere subsequently set at this angl
their rescective measurements. TO determine reproducibility of results, thess:
and temperature seasurements were repeated many +imes over a period of saveral,
retaining the same discharge valve opening and the same ;plet pressure. Jn cot

of this test sequence the inlet pressure wWas increased, in turn, to 15 psig an

{
b

)

psig and the required pressure and temperature neasurements accomplished. AL
these runs were for the same opening of the cone-shaped discharge valve, with :
"epld end® orifice completely closed.

Tt was realized that the introductiaon afrthe probes into the flow causes;

disturbances. This 1s especially difficult Lo avnid when the flow is nurely z

.

tional, since the probe is then, s°© to speak, arranged in its own wake. This:

accomplisned Dy introducing the pressure probe into the £1low and then arrangii
{

another probe of the same diameter near the Tirst ome amd noting the change i1

reading of the first prove caused by the introduction of the second. The rest
' !
of this study are presented in the section entitled "Regults". |

:

Throughout the entire sequence, the cone type valve had deen used %o ins
symmetry of ﬁhe flow. Another type of effective symmetrical valve is an orifl
According;y, it was felt desirable o oDtain data with such a geometry and tH
valve was repiaced with an orifice of the same area ooening and data were.obﬁ

at 10 psig inlet pressu?é,

Five Inch Diameter Vortex Tube _ .

_‘Up to the present time, the ma jor program using the five inch diameter -
has been a flow visualization study wherein smoke is introduced into the tubi
through a small probe and the resulting flow field observed. The effects of!
the guide vane angle setting and of varying the conditicns at the end of the

long transgarent section have also been studied.
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HESULTS

Three Incn Diameter Vortex Tube

The local measurements of total and static pressure and total temperature

ds

- W4
i L

are shown

E

cure 5, 7 and ¢ at thrse cross sections, identified as Sections A,
C and-E, for an inlet pressure of 1C psig. 3Jection A is located 1 inch from the
nozzle cross section; Section C, inéhes ffom the nozzle cross section and Secticn I,
18 inches from the nozzle cross Zecticn and 12 inches from the exit. The plotted
results are the measured values obtained in several runs taken ét different times

(=9

over s Deriod of several weeks and using different probes. In the outer regions

o4

of the flow teyond a radius of 0.5 inches, the measured results shgw good repeat-

ability for all 10 psig runs, while inside the 0.5 inch radius the results are

much more erratic reflecting the difficulty of making measurements in uhis region.
;Aslanticipated, the total and static pressures decrease from a higne value at the

wall to a minimum at the center. The total temperature also decreases tc a minimum

at the center, or expressed in other words the temperature depression below jhe

3flet terperature Increzses to a mochmm =t the cemter. Since the mamifold temp-

erature, T varied scmewhat <rom one run to the next, the total terperature

results are shown as Tm - Tt to take into account the change in inlet temperature.

Tt may be noted that the pressure and temperature measurements demonstrate
z lack of syrmetry about the center of +he tube. This behavior is apparently
due to the probe itself, for if the probe is inserted at the same cross section

iuhrcn;gh an opening at 180° around the tube, the resulting measurements are a
\mirror image of the original measuféments crossing them at the center of the tube.
Again the results in the outer regions of the flow appear more reliable than those
in the central fegion.

The velocity and the static temperature may be calculated from ithe measured

results and these are shown in Figures 6, 8 and 10. In the outer regions of the

flow beyond a radius of 0.5 inches the velocity and static temperature resuits

prag o
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are quite well defined, but in the central region the results scatter and any
curve drawn in this region is complately arbitrary. The static temperature

variation across the tube is seen to de quite small, being of the order of 10
degrees Fahrenheit. This small static termperature difference offers evidence
that the observed separation of total energy (i.a., high total temperature in i

outer flow regions and lower total temperatures in the central region) is not di

to conduction heat flow.

Similar data on pressure and temperatures were obtained at inlet pressure .

levels of 15 nsig and 20 psig and these results lead to the same conclusions ast

presented for the 10 psig inlet pressure. In tne interest of space economy, th:

1 i

regilts for the higher izllet pressures will not be giTo
The measured tressures and temperatures were obtzi~ed by the insertion
he vortex flow and consequently the question arises as to whatl

of a probe into t

effect the probe produces on the flow field. There is little doubt that some

5

disturbance is caused, even ihough ihe probe sizes were held Lo a mi i mom i

(from 1/16" to 1/8% diameter). In addition, at certain positians the rotatingi
|
flow passes by the probe on its way to the probe sntrance, thersdy ccmpllcatlng
the measurements. This effect certainly contributes to measuring difficuities
 found in the central region of tne flow whers the flow travels only a very shoz
distance after leaving the back surface of the probe until it reaches the proba
entrance. Some indication of the effect of introducing an obstruction intoltha
flow was obtained by inse?%ing the probe to a given locaticn and measuring the:
pressure at that point and then introducing a second cbstacle the same diamste:
s the_probe within the fMow field and then reading again the indication of the
first probe. The results of this study indicate an appreciable change iIn pres:
when the second probe is introduced into the tube when the reasuring probe is :
the central flow region. ~Ten the measuring probe ig located outside a radius

0.5 inches, the effects of the second obstacle are not strongly felt enerall:
) . o% | gLy y E

in a change of less than 0.2 inches mercury at.a total pressure of 7 inches of



The velocity as shown in Figures 6, 8 and 10. represents the total magnitude
of the velocity vector. The orientation of this vector was approximately indicated
by the position of the %otal pressure probe where a maximum reading was found.
With this information, it was possibls to resolve the velocity into axial and cir-

S ol E A

cumferential components. Typical values are shown in Figures 11 and 12, The radial
component of the velocity is assumed to be negligible as indicated by the visual
observation of the wool tuft. The axial veloeity distribution indicates that large
axial flow exists only in an annulus approximately 0.3 inches thibk adjacent to
the tube wall. It also shows an annular region at a radius of 0.5 inches in which
the flow moves in a direction.opposite o the main flow, Ll.e., repion of back
flow. Tha calculatien circumferential velocity Vé should te censistient with the
coserved static pressure distribution since a force balance i il as relati w L
dPs/dr = §= Vi/r. This relationship is fulfilled except in itz zemtral flow
region where the results are unreliable,

The variation of the static pressure, total pressure, total temperature
ad static terperaiitre zmicng the tube 2zt constapt radii is given In Fgores 13,
Ui, IS ard 16 for the inlet pressure of 10 psig. It might be memtiored that the
vesults for 15 and 20 psig have the same appearance which hints that a dimension-
lgss representation should be possible. Such a representaticn has not been accom=-
plished at the present time. The static pressure at any given radius changes very
1little in the axisl direction, ;howing a slight decreass in the flow direction near
the ‘ube wall and near the central region of the vortex. At radii of 1/2 ard 3/L
inches the static pressure increééés in the flow direction, which may reflect the
reverse flow found in this sectlon of the tubé. The total -pressure distribution
along the tube‘denmnstrates +his same reverse trend at the same radial positions.
At any given radius, the total and static temperature increase along the tube

length, This indicates a minimum temperature in the vicinity of the nezzle cross
section,
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The affect of inereasing the inlet pressuré on the local measured terperatures
and pressurss within the tube is shown in Figures 16, 17 and 18, where represantative
data for the cone-shaped discharge valve are shown for one axial position. At “he
outer region of the flow the pressure increases with increasing manifold pressure,
wnile in the central regions of the flow the pressure is diminished with increasing
inlet pressure. The decrease of static pressure in the core with increasing pressure
is anticipated, since an increase in inlet pressure should increase the sirength of
the vortex, thereby causing the lower pressure values,

The influence of varying the valve geometry is appreciable as may be seen in
Figure 20, where the measured preBsures and termperatures are shown for the cass
where an orifice of 1-1/2 inch diameter was used to replace the cone valve. Although
the same area opening is used for the orifice valve as for the cone valve the flow ,
rate has changed from 112 scfm to 115 sefm and the measured pres;;res are higher
in-the flow region near the wall and lower in thg center region, The tarperature
depression is much smaller in the case where the orifice valve is used. It is :
apparent that the boundary conditions at the exit of the vortex tube play a primary |
role in determining the mressures and temperatures throughout the entire length.
of the tube.

Five Inch Diameter Vortex Tube

At this stage in the experimentzl pregram it was decided to construct a
larger tube with the more flexible inlet conditions and to attempt to visualize
the flow field by the injection{of smoke. Consequently, the previcusly described
S inch diameter tube was constructed and the flow visualization study started.
The smcke technique was successful at the lower veloéities encountered in this
study and ga;é support to the measurements found with the 3 inech diameter tube.
Definite indicaiions of an annular ring of reverse flow with a flow patiern as
shown in Figure 22 were found when the guide vanes were set to give large

circumfersntial velocity to the incoming zir stream. This backward flow region

F
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may pilay a vital reole in the energy transfer pfocess since the air in this backward
flow region has already traveled a considerable distance in the main flow direction.
This means ithat scme éf the air at the nozzle cross section has spent a consiéerable
time within the vortex and this may well account for the fact that the lowest
temperatures are found at the nozzle cross-section.

In conclusion, it should be pointed out that the foregoing results deal only
with onz gecmetry and that much additional study is required before a complete

understanding of the vortex flow is obtained.
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This volume contains reprints of papers.presened at ympémm;
on the subject "The Vortex Tube as a True Free Air Thermometer', held

at the Armour Research Foundation, Chicago, Ilinois on May 24, 1955.

The symposium was organized at the request of the Air Research
2and Development Command, Wright Air Development Center, Dayton, Ohio,
for the purpose of exchanging information armong the various organizations
engaged in research programs on this subject.

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

from aircraft,

The sponsors of the symposium wish to thank the authors and other
participants 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 of the Wright Air Development Center, who served as

chairmen of the sessions..-
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