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This articls continues the discussion. begun two years ago in
REFRIGERATING ENGINEERING, of the tharmodynamic prin-
ciples which cause the hot snd cold air flows through what has
bscoms known as the Hilsch Yortex Tube. The cariier articles
are:

“Anaiysis of the Hilich Vorisx Tube” by 3. 5. Webster, pub-

lished in February 1750
“Ranque's Tube by C. D. Fuiton, published in May 1950
“Fluid Ac*ion in tha Yertex Tube™ by Roy MacGee Jr., pub-

lished in October 1950
"Bibliogranhy of the Vortex Tube' by Walter Curiey and Roy

MacGas Jr., published in February 1951

HE vortex, or Hilsch, or Ranque, tube as it is var:-
T ously called is a remarkably simuple device which

produces hot and cold gas streams simultaneously
from a source of compressed pas. This device has noe
moving parts. It consists of a straieht iengrth of tubing
with o concentrie orifice near one end and o nozzle enterng
rangentially near the outer radius adjneent to the oritice
plate {see iy 1) Ry thrateling on the end of the tube
furthest from the orifice, o cold stream is foreed througn
the orifice, while a hot stream issues from the opposite
end of the tube. Coid air temperatures 100 deg F below
nozzie temperature are readily obtainable at moderate
nozzie pressures with correspondingly high ot air tem-
peratures,

Interest in the vortex tube has been increasing rapidly
in this country since the publication here of the exbpen-
mental work done in Germany by Rudolf Hilseh'. In this
basic work Hilsch determined tube propovtions for optimum
performance, and overall performance data over a wide
range of nozzle pressures. The device was actuaily in-
vented in France by G. Ranque, who obtained a Frenen
patent 'n 1932 and a U. 8. patent in 1934 Nanaue
gescribed the tube in an article in U35 YSP |AS 3,&8'}

That the vortex tube does actually sevarate a com-
pressed gas into higher and lower stagnation temperature
streams is bevond question. How it does this is at present
a subiect of much study and controversv. To the writer’s
. xnowledge no Jata have previously been published on the
internal flow processes in a vortex tube.

As the subject of a master’s degree thesis, the writer
performed exneriments on a vortex tube o define, [ oanlv
approximately, the flow and temperature patterns exist-
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ing under various operating cenditions. This work formed
the hasis for the “heat transfer theory advanced in the
thesis. completed in May 1949°. The present paper incor-
porates much of the thesis work und presents the heat
transfer theory in slizhtiy medified form. This is, to the
writer’s knowledge, the first vortex tube theory hased on
forced convectinn heat transfer to be published.

On thix theory, heat tronsfer oceurs radiolly from the
vortex core outward by virtue of static temperature
gradients in that direction. The heat sink is provided by
the outer pgas lavers which are at lower static tempera-
ture due to the nozzle expansion,  This heat transfer raisea
the stagnalion temperature of the outer gas which produces
the hat flow, while at the same time the stagnation tems-
nevature of the core a8 dowered producing a coid flow

Chronon Lhe oritice.

Tost Resuis

Two classes of tests were used to determine the tlow
patterns, The first was by visual methods; the second hy
insprument traversing, Tnoall of these tests a relatively
b tube sdinmerer 0P ine P was nmerd Lo Tactlilate
proving the interior of the tube, The nozzie design and
tube proportions wvere dictated by simplieity of construe-
tion and compressed aiv supply limitations. As was to be
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exnpected, these desion compromisea resuited in poorer overs-
all nerfarmance than the tubes of Hiisch!, However, for
the purpose of this pvestizution, optimum performance
wias not considered to Le of importance.

For the wvisual festine the tube used was giass with a
hrass nozzle section and clamp mnge The Uhot” tube was
three feet one, wned che “cowd”™ tabe wias waght n, Long,
The nozzie sdiamethr was ' oin, and the oold  arifice
digmeter was o n. The most corfectve way found o
visuaiize the tow wvas to ase slik thresd inotted nosely
arvound o tlehtiv - hed wive running axiaily through

the tubes.  The thread was aboul ‘s L lone, nointing
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radially, and free to rotate and slide axially along the wire,
In operation. the thread rotated rapiily at all axil posi-
tions as long uas the center of rotation {the wire) was
within about ‘i in. of the tube axis. Ouwside of this
diameter the thread did not rotate, but nsswmed u langential
direction,

The most revealing feature of these texgg, however,
was the axiul motion of the thread at varvious roend oaned
degrees »f hot end throttiing, These resulls are shomen
in Figure 1 by arrows parailel to the tune axis. I this
figure, and as used throughout this paper. the svmhbol o
represents the fraction of nozzle tlow passing through
the orifice, and its vaiue is determined by the amount
of throttling on the #nd of the hot tube. [t is -een in
Figure 1 that there exists for all values of o+ a4 Jdennie
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Fig. 2. Test setup showing instrumentation.

and strong reverse flow in the core with a diameter anproxi-
mately cqual o the onfice diameter, and that this How
originates at a point very near the throttie end of the tube,

Chemical smoke testing with stannic tetrachloride was
in general unsatisfactory due to the high decree of turbu-
lence, even at the lowest nozzie pressures. However, the
smoke did give some indication of the presence of o more
I less solid rotation core tlow.

Qil in the compressed air left a helical ol trace of
inereasing miteh toward the hot end on the tube wull
The anples of this helix Indicate that near the tube wall
the axial component of velocity is less than the tangentiul
component for virtually the whole tube icnuth.

From all the foregoing, und i particular the asal
rmotions of the threads, o greatr deal can be deduced thout
the radial Jows whieh occur in the tubse Froure 1
shows the four possible operating comditions of o vertex
tube at constant nozzle pressure, varvincg only the cond
fraction, u, by throttling the hot end. Ths ngare ann-
marizes the internal fow conficurations .n o ousliiative
form and 13 basic to the theory presented later,

Im Case A (e -2 00 a suction is crested at the oenlee due
to insulicient throttling.  Thus, room 2 s adriwn nlo
the tube, This 2r penetrates axially to a stagnation ~ur-
face of revoiution such as 1-2-3 shown by the dottea curve,
across whicn there is no waal dow,  Fxtenmne Drom che
cextreme hot tube end up to the surtace 12200 05 o core
back flow causcd by o sink dow near the tube cndl This
back flow s then returncd to the outer belix tHow by oo
source dow as surface 1-2-3 s approached.  Iiusinge the
nozzle pressure moves surface 1-2-0 toward the oot end,
due to the increased suction etfect.  Throttling the hot
ond moves surface 1-2-3 toward the orifice.

Tn Case B {w == the throttling is such us 1o move the
surface 1-2-3 partially through the ormfice so thut ro net
flow exists throueh the orifice. There probabiv exists o
smail recirculation through the ovifice with intiow near
the center and on equal outflow leaking arounid the cdee
of the orifice. The back flow and recivculation within
the tube remains cssentially as in Cuase A,

In Case C (U<{u<{1), the only aperating condition at
vhich an outflow of cold air is produced, the throttling 3
increased to push a net flow through the oriicr. The
back flow maintains itself, but us n s raised the source
flow near the nozzle deereases, probably due o the increase
in the static pressure gradient near the noezzle, and the
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higher axial veloeity e care How, It is probable that
a leakage exists, as ase B, around the edge of the
aritice Jue to friction . the orifice plate surface lowering
the velocity and hence the centrifugal forece on this air,
whieh allows the pressure gradient to foree it inward.

In Case 1} (1 == 1} the hot tube is closed off, forcing the
totui How through the orifice, As in all the previous cases
the core back tlow is still present, but there is probabiy no
onger o source low near the nnzzie~-ie., all radial How
1% anward.  The ow pattern is in this case very simuar
to that obtiuned fer a cyvcione separator' which 13 essen-
tHally the vquivalent of a vortex tube with no hot end flow.

The fHow in ua vortex tube may he summarized as con-
ststing of an outer helix flowing away from the nozzle.
and an inner or cere helix dowing back toward the nozzie
crib, The radial dow distribution depends on the amount
of throttling on the hot end.

In the instrument {raversing tests the giass tubes used
in the visual tests weve replaced by hrass pipe of the same
diameter, having traverse holes located along the pipe.
Figure 2 is a sketch nf this test setup and shows the loca-
tion of the five traverse stations {numbered 0 o 4)}. All
other instrumentation !5 also shown. Traverse readings
were made at each of seven radial positions inumbered
1 to 6) spaced ‘% in, apart, with position 0 at the axis
of the tube. Three traverse instruments were used:
thermecounie “tube,” static pressure tube, total® pressure
tutie, Faceil of these tubes was made with A short length
af en2-in. 0D stainless steel tubing. For the thermo-
couple tube, an exposed fused junction of copper-copne
wire extended about 'c in. from the end of the tube. The
impact tube was made with a No. 80 dritl hole (0.135 in.
diam) normai to the tube axis and located 3/16 in. from
the plucred <1 of the tube. The tube was provided with
a direction arry ro indicate the approximate direction of
the impact hole, The static tube was made with a No. ¢
dvill hole loeated in the end surface of the tube, con-
centrie with Lhe tube axis. Before idrilling the hoie, the
ond surface was machined fat and perpendicular to the
axis after piugging the ¢nd of the tube with brazing mate-
rial. The prineiple of this satatic tube is that the pressure
hoie i3 !oncated in a fat surface which lies parailed to the
rotational flow in the vortex. This can of course he valid
onlv if the radial velocity component is neglimbly small
which .he writer beijeves to be true in the vortex tube.

It is recoenized that this instrumentation, particularly
the statie pressure tube, 15 rather crude and places certain
Hmitations on the aecuracy of the data herein presented.
It is feit, nevertheless, ‘hat the resuits obtained are
surficiently accurate o now the basic internal flow pat-
tern.  The instromentati .a ased was chosen for its con-
atructional simplivity,  The Jesign and construction of a
more adequate nstrumentation for this compiex flow field
was hevond the scope of the work undertaken. In this
paper o representative palt only of the ornnnal ciata
shtuined s presented, Reference O eontains the complete
it onhramoed.

Static and total nressurve vs radial position was meas
ured At four traverse statwons along the tube. The total
pressures were maximung valoes obtained by rotating the
Smpact tube. Ancles at whieh this  reading maximized
fxtream anzles) were net measured but it was observed
that the stream angles were essentially tangential, indicat
iniz relatively snrall axial velocities, This result is in agrees
moent with the helical oil traces nbserved in the visual tests
iiscussed previousiv. ’

Volacitivs were calculated on a compressible fow hasis
with the aid of Reference 5. The thermocouple @empera--
tuvres were colrected for inpact recovery by the use of a
reeovery factor of 0.65%

At axiai stations 1 and 2 the flow fieid iz essentially one
af solid rotation up to ahout % in. of the tube wail (radi
position 3). BRetween this radius and the wall the velocity
distribution approaches that of a free vortex in which
tanwential velocity is inversely proportionai to radius. The
velorities obtained are ¢ssentially equal to the tangentisl
components, At the axis of rhe tube, however, the axi

.
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2= velogity component dominates and hence the measured
i, veloeity does not go to zero. There may aiso be some lack

.. of rotational symmetry.

Figure 3 is a piot of total and static temperature vs
radius for a nozzle pressure of 15 psig and cold fraetion
{u} of 0.26. At this condition the cold air temperature was
48 T with a nozzle air temperature of 64 F. The signifi-
cance of these curves with respect to the heat transfer
theory of operation lies in the fact that the eold air stream
which emerges from the core of the tube has a hirher
static temperature than the surrounding vuter helix.

Figure 4 s a plot of total temperature vs axial distance
from the nozzle for radial positions 1 and 3 which were
chosen to he representative of the core flow and suter helix
flow respectively. The arrows on the curves indicate ‘he
axial flow direction at these two radii. In this case cold
fraction (#)} was zero, the nozzie conditions being identical
to those of Figure 3. It is observed from Figure - that
coid temperatures are produced even though no dow goes
through the orifice. In accordance with the requirement
of an overall heat balance, assuming no heat transfer be-
tween the air and the metal of the tube wall, there is no
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Fig. 3, Static and total :emperature vi radius ar
three traverse stations,

net increase in temperature of the nuter helix Sow which
issues from the throttle valve. Fipures 3 amd 4 lead inime-
diately to the heat transfer theory of the vortex tube.

Before leaving this section on test results it should i
pointeti out that the remainder of the data for pressure,
temberature, and velocity obtained in the original researen
at some other operating conditions s very sinular o the
curves herein, the main difference being o ypeneral <hift
of the magnitudes at a siven traverse station.

Theory of Operation

It has been shown that the tow pattern in i vortex
tube consists basically of two counter current axial flows,
with an approximatelv solid rotation. The inner core axial
low emerges from the orifice with a veduced total or stac-
nation temperature. The axwal flow of the outer helix
emerges from the opposite end of the tube at the throttle
vaive with an increased tota} temperature. The core is at
a higher static temperature than the outer helix. These
conditions form the basis for the heat transfer theovy of
the vortex tube, which foilows.

Referring to Figures 3 and 4, the inerease nf *he total
temperature of the outer flow is attributable oniy to heat
transfer from the inner core, since no mechanical work
i involved. The core, being at a higher static temperature
than the outer helix, transfers heat by forced convection
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NOMENCLATURE

A—effective suriace area, sq f+

C=specific heat at constant prassure, 3tu per b, deg F
N=:coaling effectiveness. dimansionless

PT=nottie iniet pressure, atmospheres absolute

Q-=heat flow rate. Btu par hr

T—total [stagnation} temperature, F

= static temparasure, F

u=—cold flow fractior.. dimensionless

U=averall haat transfer cosfficient, Btu per hr, sq ft deg F
w==weight flow rate, ;b per hr

' hear transfar mean static temperature difference, deg F
AT isentropic notile temperature drop, deg F

Subscripts on T or ¢

N- -at nazzie discharge
C—cold flow at arifica discharge
H=hot flow at throttle vaive discharge

to the outer helix, and as a consequence reduces its own
total temperature.  The anslogy to & concentrie pipe
counterflow heat exchanger is evident. If we imagine a
sero thickness iube wall, having a diameter approximately
equal to that of the coid orifice, which is rotating at every
axml pusition at the same angular veiocity us the vortex,
the heat frapsfer acress this imaginary tube surface is

proportionai to o the huik statie temperature difference
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Fig. 4. Total temperature vs axial distance froam norzle at two radial
position, v == 0.

anid to the overadl il eoetficient of heat transfer secasioned
by the relative axial veleeity of the two oppositely moving
streams. With the assumption of sueh a votating tube,
e tangentind veloeities do not contribute directly to the
il cocllient f heat transfer, nor does the dow fleld
become aitered. as would Le the case with a stationary
tube due to taneentiai wall friction.

The hreuk itn the rurve of Figure 4 near traverse station
i3 helieved 1o be Jdue o radial mixing offects, since it has
necr snown that cadiad onttlow oecurs n this region {see
[Tz, 1, Unses B oana O,

In the foilowinr anaivtical *reatment radial mixine s
neglected for simpiification, and alse beeause its etfect is
beiteved 1o he of a0 cecondary nature. Figure 5 shows
the simpiified fow pattern ussumed and aise rives quali-
tative hvpothetienl remperature vs length curves to illus-
trate the temperature nomenclature used, and to clarify
the theoretical anaivsis.

To =atisiy the necessary overall heat balance in the
absence of mecharicai work nr heat transfer to the _one
vironment

JI(T\—Tr')':(]“-—’l) (T —Tyj (1)
Or,
wtly —Teyp = Tw =T, (2)

As in the vgse of conventional heat exchangers, a cooling
cfTeetiveness can he detined, which is the ratin of the heat
transferred tn the maximum possible heat transferable
with the available temperatures, as follows:

Ne= (T —To)ir Ty — ) (3)
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In Equation 3. {v is the lowest available static tenjic.a-
ture in the vicinity of the nozzle. I1f an ldeal isentropic
nozzle expansion !s assumed, then

Where .
At=T\,C/ftl}) -
Combining Equatiens 2, 2, and 4,
AN
Ty T\ = ————— (5
{(1/N) —n

Then using Fquation 1 with Eguation 3.

(1 —u) At
T, — T = e (63
(1/N)—u

Equations 3 und 8 give the overall performuance of a
vortex tube as a function of the operating variables » and
At and the cooling effectiveness, N. Knowing the per-
formance data for a given vortex tube, NV can he rcaleulated
from Equation 3 or 6. In the hope that N couid serve
as a correlating factor in vortex tube performance, the
writer has caleviated it for manv of the operating points
in the rath.r thorouch data of R. Hilseh'. The results
are given in Figures 4 and 7, where NV s ulotted vs .
Figure 8 gives four curves at constant nozzie pressures, [
varying irom 2.5 to 11 atmosphercs absoiute Yo ‘he Na, 2
Hilseh tube which has the following prineipal dimensions:

Nozzle diameter 2.3 mm
Tube diameter $.6 mm
Orifice diameter 4.2 mm
Figure 7 gives four curves ail at P = 11 atm abs, but

with four different orifice diameters, and one curve at

“IMAGINARY TUBE"

5 [ SURFACE g
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. I s 41
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LENGTH

Fig., 5, Flow pattern and temperatura nomenclature far
theoretical cerivation.

P = {4 atm abg with a 2.2 mm diameter urifiee, ali for the
No. 1 Hilseh tube having the foliowing principai dimen-
SIONS !

Nozzle diameter
Tube diameter
Orifice «diameter

nm
3 mm
varied from 1.4 to 2,6 mm

P

dm s

These data were calculated from points reawd off the
published curves', which were veproduced to a very smail
size, and hence some accuracy hus been lost in Mirures o
and 7. In Firure # the variations of N with + are well
represented with straight lines. In Figure 7 the eifect of
orifice size on the varation of N is apparent. Comparison
of the curves for the 1.4 ana 1.5 mm orfices muakes it
appear that at some intermediate orifice size. say 143 mm,
N would be virtually constant at a vaiue of apout .43,
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Figure { Hilseh's Jdara (solid curves) for:

his No. 2 tuo.
perature drop -

43 used in Figure 6), giving tem-
or P= 4 and 11,

It now beconics necessary to point out a hasic dis--
crepancy which shows up in all the data of Hilsch when:

compared to the writer’s experimental results.

As Figure:

indicates, the Hilsch data show the temperature Jdrop as -

zero at «+ = 9. The writer's data indicate that the tem-
perature Jdrep is not zero at o = 1. Figure 4, for « = O
shows that in the core just inside of the coid arifice, the
air s on faet colder than it is for a value of n = 0.26,
the latter value of wn being according to Hiisch's data
nearer the maximum temperature drop value., [t i3 be-

lieved that this discrepancy lies in the location of and
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7 : -+ PRESS.,
! | /”’J RIN AT,
i A4 AR

w

2t

COOLING EFFECTIVENESS-N

i
2 4 & .8 1.0
COLD FRAGTION-u

Fig. 6. Cooling effactiveaness vs coid fraction for No.
2 Hilseh tube at four nozmle pressures.

the method of the cold temperature measurement. Hilsch
chose to measure the temperature of the metal walil of
the tube on the discharze side of the orifice as an indica-
tion uf void air temperature. In Hilseh’s words, “These
measurements vield temperature differences which are cer-
tainly not too favorable, but will probably be too small.”
This must certainiv be so0. and particulariy se as the coid
flow approaches zero, a1t which point the metal temperature
must be very neur room air temperature. IHowever, even
if & temperature measurement i3 taken in or near the
center of the cold tube on the discharge side of the orifice
{as wag done in the writer's tests), three side etfects can
increase the reading above that which cxists in the center
of the orifice, namely: :

1) Heat pickup from the “cold” tube

2y Orifice wiige leakare (see Fig. [, Cases B and )

2) Reeirculation in the *“cold” tube which can mix

reom air with the cold air {see Fig, 1, Case BY
Referring again to Figures 6 and 7, it can be seen thal
since Hilseh's ata show zero temperature drop at zero
cold How, there is a npoint for cach curve at N = 1 and
w o= 1), hut in no case does this point fall reasonably on any
of the curves. The writer heiieves that this apparent dis-
continuity in the cooling cifectiveness, .V, between n = 0.2
uini # = 1) substantiates the aferementioned contention
that a temperature drop exists at i« = 9, even thourh it i8
reduced by the three side erfects mentioned.
The larger cireles shown on the curves of Figures 6 and

7 represent the points at which the temperature drop :3
a maximum according to Hilseh’s data. This occurs in gen-
eral between © = 0.2 and 1 = 0.3, depending on rnozzie
nressure and oritice diameter. It cean be noted that the valmj
of N at maximum temperature drop varies only from 0.49
to 048 for Figure i, and from .41 re 146 for Figure T
The hirher average value nf N for Figure 6 is attributable
to a larger size tube {about twice the diameter) ihan that
of Figure 7.

i
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Now by assaming a constant value of NV of 0.46 for No. 2
Hilsch tube (Figs. 6 and 8), Equation § becomes
{1 —uy At
Ts—Te = ——— (M
2.17 — il
Equation 7 represents in simplified form the performance
of a vortex tube of the size and design of the Hilsch No, 2
tube. This equation has been piotted for = | ana il :n
Tigure 3 (dashed curves)., The difference bhetweern the
solid and dashed curves lies in the assumption of constant
egoling effectiveness, .V, in Edguation 7.
The next step is to look into a thenrvetical derivation of
N, and to see if the values of N obtained from the test
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Fig. 7. Cooling effactivanass vs cold fraction for No. | Hilseh
tube for four orifice diameters.

data could he remsonably sttributed solely to a heat transfer
process. In the foilowing, an approximate derivation of N
as a funetion of heat transfer conefficient, etfective surface
area, and flow 1s given,

Referring again o the diagram of Fiwure 5, the rate of
heat transfer from the core flow within the imaginary tube
snriace is

Q=wC(Ty—T: (33

And also,

QR = AL M

Where A is the effective surface area nf the imaginary
tube, ¥ is the mean static temperature difference, and // is
the overail heat transfer coerficient. Combining Equations
g and 9 with Equation 3 gives

AU t
MECY
w’ T — 1t

It is notable that due to the unusual nature of the outer
helix fow in which static temperature increases more than
total temperature :lue to the large negative veloeity gradi-
ent, the conventional log-mean temperature diiference is not
applicable here for 8, However, by making the simplifying
agsumption that the temperature difference vavies lineariy
with -4, a very simple expression for N can be obtained
which shouid be adequate since the etfective area, .1, is nnt
known close enough to justify refinement in ¥ Since the
core flow is at a relatively low velocity, it is also assumed
that the total and static temperatures are equal here. Then,
referring to Figure 5,

0= (Tr — t)/2 [RER]
Since T-‘i —ty = Tp tv—Tuw— T,
Tyomty = Te—tyx —“-‘ (.’1(,"“)-
tions 8 and 4.
And therefore, using Equation 11

(CY, using Eoun-

Octoper 12E]

AU
Te—ty = 26 9 (123
w(
Substituting Equation 12 in Equation 10 gives

AN AU
N = _1) 2+_) (13)
w( w

Equation 13 is in the desired form. [t is interesting to
note the amilarty betwesn this equation and rhat for a
conventionual eounterflow heat exchanger with equal heat
capacity («wC) on both sides, for which

Al AU
T
e w(

From Equation 13 it can be seen that for N to be 0.50,
the approximate vaiue calculated for the Hiisen tubes,
AliwC = 2
If approximately representative values of -4 and w are
used, the value of i/ required for this theory to match the
uctual performance is easily ecalculated. Taking for ex-

ample, the No. | Hilsch tube (Fig. 7 data):
4 == 0.0112 30 ft, based on an assumed effective length of
55 percent of the hot tube length and a diameter equal to

the cold orifice (2.2 mm)
(F =121 Btu per ib, dex F

w0 2= .73 ih pew ar, which iz the total nozzie flow at
7 = L0 aum abs,
Then ..
200 BTS2
[fe-_— . = 286 Btu per hr, sq ft, deg F
20113

Asg detined for the forogoing analysis, w is the flow inside
the imaginary tube, Due to the radial outflow near the
arifice which was shown to exist under most operating con-

20— — ,

=P f O\_sPHILO AT 4B,
- To Y: e :
'HILSGH

i ‘\!-\ ; : i \PI\
2 i = : N
= "~ * NN /TDATAY
i ; CUNST

ra

3 oy
sl 9 : '
=70 2 4 6 8 10

i COLD FRACTION-U

Fig. 8, Tamparature drop vs cold fraction for Ne, 2
Hilsch tube at two norrle pressures, by last and by
theoraticet squation,

ditions (sve Fig. 1), the flow from the orifice 13 less than
the value of @ inside the tube, Thus even at n == 9 {no cold
flow) w may be fairly large, but probably no larper than
the nozzle flow. Tt is for this reason that the ‘otai nozzie
flaw is used in the foregoing evaiuation of 7. If the actual
core flow. o, is less than the nozzle flow, then U7 required
is proportinnatly lawer. Also it can be seen that as P i3
rarsed or lowered, the [ required will increase or Jecrease
srapartional to the tlow, hut thig i3 compensated for by the
available heat transfer coetficient varving almost propor-
nional to the mass flow rate.

The mass flow rate in the preceding numerical oxampie
is about i 1b per see, sa ft in the cove. which corresponds

rConttnued on piage 1018)
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The Vortex Tube

(Continued [rom puge 359}

in x tube of 2.2-mm dizmeter to a flm oooseticient of abont
140 Btu per hr, sq ft by 1 conventional eat transrel squa-
tion for flow in a straight tube’. This 18 one naif of the
required overail coeifictent. The [ollowinr twa factnrs may
be sufficient to raise the above heat transfer coetlicient up
to the value of I/ required by the heat transfer theory.

1) A large degree of turbulence ue largeiy to the
helical nature of the flows, which would raise the heat
transfer coefficients. It (s known. for instance, that tfor
flow inside helically coiled pipe, heat transfer eoseili-
cients may be several times higher than in straich:
pipe for the same Reynolds number.

2} The absence of a solid wall at the interface be-
tween the core and the outer flow would seem to muke
it logical for the Alm coefficient to be hased on the total
relative axial velocity of the inner and outer streams.
Since these flow countercurrently, thetr veloecitivs are
additive. Due to the absence nf 2 solid tube wall there
are not twa HSlm resistances, Hut anly one resistance
evaluated from the reiative axial velocity, The etfect
uf using a relative veloeity in the precedine numereal
example would be to raise the calculuted Alm coetheent
by about 30 percent, from 140 to 182,

Conclusions

The heat transfer theory of vortex tubz action as pre-
sented in this paper is not compiete in itself and must reiv
on empirical results in the performance equation ([Eq. 6).
The cooling etfectiveness, N, has been shown to be a usetful
correlating factor. Although the rvequired overall heat
transfer coemficient is greater than can be accounted for by
conventional calculations, the two are sutficiently within
range a8 to be encourawing. The theory. does not preciude
the posstbility that other mechanisms mayv be simultancous.
ly aeting to produce cooling of the air. ther theories have

been published recently** which are of an entirely different
nature, but which do not appear to have been based on prier
tests concerntne the nature »f the internal fow processes.
Discussion of these theories 3 hevowdi the scope of this
anelt

The writer suggests o test setup n witen. if any cold
atr were produced, the heat transfer theory would be
sreatly enbaneod, as toilows:

Run w vortex tube in wiineh the “imacsinary tube surface”
nf the nreceding theory is replaced with a thin metallie
tube which 5 rotated mechanically at an angular velocity
compariante to that of the air at the tube radius,
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