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Abstract-The process ofenergy separation in a vortex tube with air as a working medium is studied in detail. 
Experimental data of the temperatures of the cold and hot air leaving the vortex tube are presented. The 
variation of the maximum wall temperature along the vortex tube surface provides useful information about 
the location of the stagnation point of the flow field at the axis ofthe vortex tube. Experimental results indicate 
that the Gortler vortex produced by the tangential velocity on the inside wall of the vortex tube is a major 
driving force for the energy separation. A similarity relation for the prediction of the tem~rature of the cold 

exit air, obtained from the dimensional analysis, is presented and confirmed by experimentai data. 

NOMENCLATURE 

dimensionless parameter ; 
specific heat at constant pressure; 
specific heat at constant volume; 
inner diameter of vortex tube; 
diameter of cold and hot gas exit ; 
dimensionless diameter of cold and hot gas 
exit ; 
Euler number ; 
thermal conductivity; 
length and dimensionless length of vortex 
tube; 
mass flow rate; 
Mach number; 
pressure and dimensionless pressure; 
ambient pressure ; 
Prandtl number; 

cylindrical coordinates ; 
Reynolds number ; 
temperature and dimensionless 
temperature ; 
temperature difference; 
inlet velocity; 
cold gas mass ratio. 

Greek symbols 

B, 8*> coefficient of thermal expansion and 
dimensionless coefficient of thermal 
expansion ; 

t A, 
ratio of the specific heats, cJc,; 
width and dimensionless width of the inlet 
nozzle of the vortex tube; 

.K dynamic viscosity; 

P, density. 

Subscripts 
c, cold gas ; 
h, hot gas; 
o, inlet ; 
W, wall. 

1. INTRODtJCTION 

THE PHENOMENON of energy separation in a vortex tube 
was first reported by Ranque [l]. He investigated 
compressed air flowing tangentially into a tube and 
found that air leaving the tube near the wall had a 
higher temperature than that leaving near the axis. He 
tried to use this effect for refrigeration. Hilsch [2] first 
published systematical experimental results by varying 
the inlet pressure and the geometrical parameters of the 
tube. Comparing the vortex tube to conventional 
refrigerating machines, the former has a much lower 
coefficient of performance than the latter, especially at 
low inlet pressures. Nevertheless, he suggested that the 
vortex tube could be used for the liquefaction of natural 
gas. In the following years, attempts were made to 
explain the effect of the energy separation in the vortex 
tube. Fulton [3] assumed that the effect results from the 
exchange of energy between the air near the axis, which 
has a higher angular velocity, and the air at the 
periphery, which has a low angular velocity: the air near 
the axis tries to accelerate the exterior air. Besides a 
mathematical formulation of the problem, Fulton also 
suggested a shape for the flow pattern inside the tube 
with radial and axial flow components. A different 
theory was developed by Schultz-Grunow [4]. He 
explained the energy separation mainly by turbulent 
heat transfer in a stratified Row. Martynovskii and 
Alekseev [S] investigated in an experimental study the 
influence of different geometrical constructions of the 
vortex tube on the maximum possible temperature 
difference between the cold and hot gas streams. They 
used various inlet nozzles for geometrical optimization. 
Experiments were conducted with ammonia, methane 
and carbon dioxide. They concluded from their 
theoretical consideration that, for turbulent Prandtl 
numbers Pr* < 0.5, a reversal effect should occur in the 
vortex tube. In this case, the cold gas leaves the tube at 
the periphery and the hot gas near the axis. Hartnett 
and Eckert Etil measured profiles of the pressure and 
temperatureatdifferent positionsinavortex tube.They 
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found that the pressure and temperature vary great@ 
along the axis of the vortex tube. This led them to the 
conclusion that the length of the vortex tube has an 
important influence on the mechanism of the energy 

separation In a theoretical study Deissler and 
Perlmutter [7] made an analysis of the velocity. 
temperature and pressure distributions in 3 turbulent 
vortex with radial and axial Row. In their m3them3t~cai 

model they divided the vortex into a core and an 
annular region. They concluded that the fluid in the 

core region does shear work on the tluid in the outer 
region with a resultant total energy separation. In 
opposition to the results ofHiisch [2] and Hartnett and 
Eckert ES], ErdCIyi f8] postulated that the difference in 
temperature of the cold and hot air depends only on the 
type of gas used and the pressure ratio at the inlet and 

outlet of the vortex tube. In an experimental study 
Takahama [9] obtained data for the design of a 
standard type vortex tube with a high efficiency of 
energy separation. He also gave formulae for the 

profiles of the velocity and temperature of the air 
flowing through the vortex tube. Bobrovnikov er d. 
[ 101 reported on the influence of the tumidity of air on 

the energy separation. Their experiments with dilfercnt 
vortex tubes showed that the humidity ofair diminjshes 
the effect on the energy separation in a vortex tube. 
~~nderstr~~n-Lang [f I] studied in detail the apph- 
cation to gas separation, using different gas mixtures 
and tube geometries, It was indicated that the 

separation effect depends mainly on the cold and hot 
gas mass flow ratio. The effect of the gas separation was 
also confirmed by Marshall rl2] by using several 

different gas mixtures and sever& different WC\ i$i 
tubes. He showed that there exists ;t critieai irticf 
Reynolds number for the maximum e&ct on rbc 
separaticrn. 

In the present paper, new experimental rosuits for thi: 
energy separation in a vortex tube will be reported 1 
similarity relation for the prediction of the tcmperatrrr:, 
of the cold exit air, obtained from rhe djn~e~lsj~)nai 
analysis and confirmed by experimental data. will b:: 
presented. 

The experimental apparatus used for the determi- 
nation of the energy separation in a vortex tube i> 
shown schematically in Fig. 1. Compressed air passjng 
through the inlet valve (2) and the filter nozzle (3). is led 

tangentially into the vortex tube (1). The air is cxp3nded 
rn the vortex tube and divided into a cold and a hot 
stream. The cold air leaves the central orifice near the 

entrance nozzle, while the hot air discharges at the 
periphery at the far end ofthe tube. The flow rate of the 
hot air can be controlled by the control valve i 10). The 
mass flow rates ofthe hot and cold air 3rc determilled by 
measuring the pressure drops across the standard 
orifice devices (f3) and (15) by using two Beti 
manometers, and the temperatures by using the 
thermocouples (12) and (14). ‘The temperatures of the 
inlet air, the cold and hot air leaving the vortex tube. are 

measured by the thermocouples (5), (6) and (XI 
respectively. The pressure of the inlet air is measured b! 
the manometer (4). In order to obtain the temperature 

hid cir 

Fit;. t. Schematic diagram cl the experimentai appnratus. 
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(1) 

distribution along the surface of the vortex tube, there 
are 10 thermocouples (11) distributed at equal intervals 
of 25 mm on the tube surface as shown in Fig. 2. All the 
temperatures measured by the thermocouples are 
recorded by a temperature recorder. The geometrical 
configuration of the experimental vortex tube is similar 
to one of the tubes used by Hilsch [Z]. It was 
constructed to give as low a cold gas temperature as 
possible [ 133. The geometrical data of the vortex tube 
are as follows : 

Inner diameter D = 17.6 mm, 
length L = 200 = 352 mm, 
diameter of the inlet air nozzle 6 = 4.1 mm, 
diameter of the cold exit air orifice d, = 6.5 mm. 

During the experimental test, the pressure of the inlet 
air, pO, and the cold air mass ratio, v, were varied. The 
cold air mass ratio is defined as follows : 

Mass flow rate of the cold air 
= 

Total air mass flow rate ’ 

3. EXPERIMENTAL RESULTS 

The experimental temperature differences between 
the hot exit air and the inlet air, AT, = Th- T, and 
between the inlet air and the coldexit air, AT, = T, - T,, 
as functions of the cold air mass ratio, y = Ijlc/kO, with 
the pressure ofthe inlet air as a parameter, are presented 
by the solid lines in Fig. 3. Without the outflow of the 
cold air, y = 0, the temperature measured at the center 
of the central orifice used for the exit of the cold air, is 
lower than the temperature of the inlet air, due to the 
effect of energy separation. Similarly without the 
outflow of the hot air, y = 1, the temperature of the 
vortex tube wall at the hot air exit end is higher than that 
of the inlet air. A sharp temperature drop is measured 
for the hot air exit temperature near y = 1. This result is 
different from the experimental results of Hilsch [2], in 
which the temperature of the hot air increases with y, 
and reaches its highest value at y = 1. 

A possible flow pattern of the counter flow in the 
vortex tube, proposed by Fulton [3], is shown in Fig. 4. 
The stream surfaces of revolution are represented by 
the solid lines. The resulting net outward flow ofenergy 
is indicated by the radial arrows. During the energy 

FIG. 3. Temperature differences, ATh and AT,, as functions of 
thecoldair massratio, y, with thepressureoftheinlet air,p,,as 

a parameter. 

separation process there exists a stagnation point S on 
the axis of the vortex tube, and a stream surface through 
this point divides the future cold air from the future hot 
air. As indicated by F&on, slightly downstream 
toward the hot air exit of this stagnation point, the air 
has a radial temperature distribution ranging from a 

, hnt nir 

cold oir 

L- inlet nozzle 

i hot air 

FIG. 2. Location of the 10 thermocouples along the surface of the vortex tube. 
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t 
inlet 

S stagnation point 

FIG. 4. Supposed flow pattern in a counter Aow vortex tube L3~]. 

low value at the axis to a very high one at the wall. 

Furthermore Fulton stated that the tube wall in that 
region is hotter than the final mixed air, and hotter than 
the tube wall either at the inlet or at the far end of the 
tube. For a high hot air flow rate or a small value of y. 
the highest temperature of the tube wall is located near 
the far end of the tube. Therefore, it is expected that the 
stagnation point on the axis of the vortex tube is also 
near the far end of the tube. Figure 5 shows the 

maximum temperature along the vortex tube wall, 
measured by thermocouples l-10 located on the tube 
wall surface as shown in Fig 2. Figure 6 gives the 
temperature differences between the wall and the inlet 
temperature, AT, = T,- To. along the vortex tube 
wall, with y as a parameter, for two inlet pressures p0 
= 2 bar and 4 bar. From this figure the following two 

conclusions can be made : 

(I) The temperature ofthe vortex tube wall increases 
with an increase of the cold air mass ratio, y, except for y 

= 1. 
(2) An increase ofthe value ofy results in a relocation 

of the maximum temperature to the inlet end of thr: 
vortex tube, as shown in Figs. 5 and 6. The variation of 
the maximum temperature with respect to the variation 
of J is shown by the dashed lines in Fig. 3 

It is well known that a Giirtler vortex appears on the 
surface, as shown schematically in Fig. 7 1147. when ;i 
fluid flows along a concave wall. From the experimental 
results in Fig. 8, it can be concluded that the Giirtlcr 
vortex is a major driving force for the energ) 

separation in a vortex tube. This figure shows the 
experimental results for an inlet pressure of p0 = 4 bar. 
Curve (a) represents the case of a well insulated vortex 
tube, and curve (b) represents the case without 
insulation, where an air stream flows with a velocity of4 

ms -I across the vortex tube. It is seen that the hot ai1 
temperature in case (b) is smaller than that in case (a) 
due to the heat losses to the surroundings. Because 01 
the heat losses from the tube wall, the strength of the 
Giirtler vortex on the inside wall of the tube decreases. 
This results in a decrease in the driving force for the 

energy separation. Therefore the cold air temperature 

FIG;. 5. Maximum temperature along the vortex tube wall, pressure ofthe inlet air as a parameter. (Numbers on 
the abscissa indicate the number of thermocouples located on the vortex tube surface as shown m Fig. 3.1 
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pn= 2 bar p,- I bar 

12 3 2 5 6 7 8 910 

FIG. 6. Temperature along the vortex tube wall with y as a parameter for pO = 2 and 4 bar. (Numbers on the 
abscissa indicate the number of thermocouples.) 

FIG. 7. Schematic diagram of the Gktler vortex on a concave 
wall. 

increases, especially in the region of the minimum cold 
temperature. In the region y > 0.7, i.e. more than 70% 
of the total air mass leaves at the cold end, part of the 
cold air comes from the region near the tube wall where 
the temperature is higher than that near the axis of the 
tube. Due to the heat losses from the tube wall this part 
of the cold air is precooled. Therefore the temperature 
of the cold air decreases slightly for y > 0.7. 

4. DIMENSIONAL ANALYSIS 

We consider a steady state axisymmetrical com- 
pressible flow in a vortex tube according to Fig. 9 with 
negligible body force and without an energy source. 
The vortex tube is well insulated from its surroundings. 
The gas flowing through the vortex tube is considered 
to be an ideal gas. 

0 with mulotion 

FIG. 8. Temperature differences, AT, and AT,, as functions of 
the cold air mass ratio, y, for pO = 4 bar. (a) The vortex tube is 
well insulated.(b) The vortex tube has no insulation, air stream 

For the process of energy separation in the vortex velocity = 4 m s-‘. 
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P_ - i -4 P, y = rtiiz,:rilo. ! lhi 

Fro. 9. Schematicdiagram ofthe geometrical configuration oT where 

the vortex tube. 
ni, = ~~~~)~~~“. f 1-i 

tube, the temperature of the cold exit gas is an 
important variable which remains to be determined. To 

predict the cold exit gas temperature, the method of 
dimensional analysis will be used. The independent 

parameters, which are involved in the energy 
separation process. can be listed as follows : 

The entrance conditions : 
temperature 7;,, 
pressure po, 

density pO, 
tangential velocity ~~‘o. 

The ambient pressure pT,. 
The properties of the gas : 

thermal conductivity k, 

Then equation (2) can be expressed in dimensionlesc 

form as follows : 

Oc = F( Mu, Re, Pr, Eu, 7, C*. 

/i*,p*. I?, A, DC’ D,,. y). (181 

As a lirst approximation, equation (18) can be 
represented by the following equation for a small 
variation of the pressure of the inlet air: 

specific heat at constant pressure cP, 
specific heat at constant volume c,,, 

Experimental results indicate that, when y varies from 0 

dynamic viscosity IL, to I .O and the other parameters are kept constant. 0, 

coefficient of thermal expansion [j. 
possesses a maximum value which can be determined 

The operation parameter: from equation (19) as follows : 

mass flow rate of the cold gas rir,. 
The geometrical dimensions of the vortex tube : 

length L, 
inner diameter t), 
width of the intet nozzle 15, 
diameter of the orifice at the cold gas exit d,. 
diameter of the restriction at the hot gas exit d,. 

For the prediction of the temperature 7, ofthe cold exit 
gas, the following functional relationship can be 

written : 

Dividing equation (1Y) by equation (20). we obtain 

,f(T,: ‘G, PO> Y,, u’o. P ,,. k. cp> 

err p, /I, Yil,, L, D, ii, d,,d,) = 0. (2) 

From the dimensional analysis, the following 
dimensionless parameters can be obtained : 

Substituting the definition for II,, equation (1 I), into 

equation (21) and letting 

and 

Ar,= ‘&-7; (22) 

d-r_.., = (7;,- 7,.,;,,). t2?t 

we obtain 

Ar, 
- - y(y). 

A7;,,,,, - 
(34) 

(6) Equation (24) represents a similarity relation for the 

(7) 
variation of the cold exit gas temperature as a function 
of y for different vortex tubes being geometrically 

(8) similar to each other. Figure IO shows the similarity 

(9) 
relation of equation (24) obtained from the experi- 
mentalcurvesforAT,fromFig.3. It can beseenthat ah 6 

(LO) curves for AT, from Fig. 3 can be reduced to a single 
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PO = l 
0 

A 
V 
+ 

x 

1.5 bar 

2,o 
2.5 
3.0 
1.0 
5.0 

OS / 
I 

0.6 i 

Fro. 10. Similarity relation, equation (25) compared with experimental data from Fig. 3. 

curve by the similarity relation. It can be expressed by 
the equation 

AT 
c = 0.792+ 1.540y-3.101yZ+0.815y3. (25) 
AT,,,,X 

Figure 11 shows the similarity relation, ATJAT,,,,, as a 
function ofy, obtained from the experimental results of 
Hilsch [2]. Except for p0 = 10 atm, the similarity 
relation is well established. 

5. CONCLUSIONS 

Experimental results of the temperature of the cold 
and hot air leaving the vortex tube, with the pressure of 
the inlet air, po, and the cold air mass ratio, y, as 

0 0.1 0.2 0.: 

ii 
0 OX 

-t 

PO 0 atm 
‘;j 

1.5 
v . 0.5 3.0 

u 0 
TI 

6.0 
x 10.0 
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parameters, are presented. It is shown that the 

temperature of the hot exit air drops sharply in the 
region near y = 1. This result differs from previous 
published data. The temperature and the variation of 
the location of the maximum temperature along the 
vortex tube surface provide useful information about 
the location of the stagnation point of the flow field at 
the axis of the vortex tube. Experimental results 
indicate that the Gortler vortex produced by the 
tangential velocity on the inside wall of the vortex tube 

is a major driving force for the energy separation in a 
vortex tube. A similarity relation presented by equation 
(24), and confirmed by experimental data, can be used 
for predicting the temperature of the cold air of 
geometrically similar vortex tubes. 

04 0.5 0.6 0.7 ’ 0.8 0.9 0 

Fio. 11. Similarity relation, equation (25), compared with experimental data of Hilsch [2]. 
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ETUDE DU PARTAGE D‘ENERGIE DANS I-IN ‘Tt!BI: .A VOK-i-L:‘r; 

Rksumtt --On itudie en d&ail le processus de partage d’Cnergle dans un tube ct vortex awe l’;tir crm~me tiuide 
On prirsentedesrtsultatsexpirrimentaux sur les tempkratures del’airchaud ou froid yui yuitte le tube ;i vtwtes 
Lavariationde temp~raturepari&alemaximalelelongdela surfacedu tube fournit une informati~w utile sul- 
la position du point d’arrit de l’icoulement sur I’axe du tube. Les rtsultats exp%mentuus montrcnt que lo 
tourbillon de Giirtler produit par la vitesse tangentielle sur la paroi interne du tube est la cause principalr de la 
stparation d’tnergie. Une relation de similitude pour la pridiction de la temp&rature de sortie de I’air (i-aid, 

obtenue par I’analyse dimensionnelle, est prCsentCe et contirmke par I’expCrienoe 

UNTERSUCHUNG DER ENiERGIEUBERTRAI;I!N(; I%l WlRRFI..ROt1R 

~usarnrne~a~u~g Der Vorgangder ~ner~ie~b~rtragungim WirbeIr~)hr wurdemit Lufr ;tir~\rheit~n~rdi~~nt 
untersucht. Die bei den Versuchen gemessenen Tem~~~turen der kalten und warmen l.uft rverdm tn I-‘orm 
von Diagrammen dargestellt. Aus dem Verlauf der gemessenen maximalen Rohrwandtemperatur lirngs des 
Wirbelrohrs fi_ir verschiedene Ant& der k&en Luft am GesamtmasseI~strom erhatt man Hinweisc iiber die 
Lage des Staupunktes auf der Achse des Wirbelrohres und iiber das Str&mungsfeld. Die so grwonnenen 
MeDergebnisse legen den SchluD nahe, dafl G(irtler Wirbel, die sich aufgrund der tangentialen Striimung an 
der Wirbelrohrinnenwand bilden, mit als Hauptursache fiir die Encrgietrcnnung gcnannt werdzn miiswn. 
Zur Vorausberechnung der Kaltlufttemperatur wurde eine ,%hnlichkeitsberiehung aufgestellt. tlic (iher cln~’ 

Dimensionsanalyse gewonnen wurde. Diese Gleichung gibt die experimentellen Daten sehr put wcdu~- 

MCCIlEflOBAHME PA3fiE.JIEHMR 3HEPT‘MM H RMXPEHOti ‘T’PYGKF. 

Ammramm --- ,IleTa;lbno HS~‘ICH npouecc pa3fienenewm wepr-uu H ~~xpewoii T pytire. I. IC r< ~~~wc I RC 
par50seii cpenbf fwfo,fb3ye*cR aosiryx. IlpeAccTawfeffbi ~Kc~~~~,~e~~d~fb"bfc :12dwbfe ffo rcwfepafypc 

XO~O~H~~O 5f ropnrero f303;ryxa, BbIXOA~mero HP EDfXpeBOii Tpy6KM M3wzffewfe ~faK~~~a.fbfio~ 

TcMIIepaTypbf CTeHKH BL,o,Tb fIO3epXHOcTH BMXpeBOir Tpy6Kff ;laeT no?re3fryfo ffH~~~p~falf~~o it 

IIOnoWieHMM T09KM TopMoXefwi nonil cKopocTe2 TeYeffmf fra ocff ffrixpef3oii rpyttxif. '!3Kcrrepl;t- 

MeHTdJfbHbie pe3yJfbTaTbf ffOKa3biBaK)T, '(TO Bfixpb replsrepa. o6pa3yCllhIfi riffliefffllfairbtfoii 

cKopoc~bKs ffa BHyTpemfefi cieffKe BMxpeeoii rpy6K&f,ns~fneTcrr r.lawfoii Af%f~ylue~ cilnoii pawe.rreHHrr 

.,~eprtrif. IIonyseHo M 3wnepHMeHTanbHo nposepetto cooTnouienwe norrot5irtrr Icls1 pacqera rewepa- 
Typbf XOJfOAHOrO BblXOARII~erO BOSflyXa. nO"yqeHH"e aHaNM'3oM pdwfepffocreii 


