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b ST
. The design of a vortex tube of good efficiency in which the expansion of a gas in a centrifugal
. field produces cold is described. The important variables in construction and operation are
discussed and data for severa] tubes under various operating conditinns are given. Low pressure
gas,. 2 to 11 atmospheres, enters the tube and two streams of air, one hot and the other coid,

.7 L emerge at nearly atmospheric pressure. The cold stream may be as much as 68°C below inlet

. ’ B u
1. INTRODUCTION
—he adiabatic expansion of a gas with extern
- work, which may take place in a reciprocal
engine or. in a turbine, is the most effective

-«cooling process. It requires, however, a consider-

.-+ ablestechnical effort; especially in the region of
low*‘temperatures, where many technical diffi-

culties arise. In the technique of gas liquification,
therefore, the expansion with external work is
usually replaced by the use of the much simpler
throttle effect, which does not require any mov-
ing, parts. This cooling process is much less

" efficient, and is only possible because real gases
. deviate from the perfect gas law.
. .-Under-these circumstances it seems important

to investigate an. arrangement which was de-
scribed by Ranque in 1939.! In this arrangement

“compressed air i3 permitted to enter through a

tangential nozzle into a cylindrical container,

_formed by a tube of 12 mm diameter. A turbulent

* Submitted by: R. M, Milton, Department of Chem-
istry;” Johns Hopking University; Transiated byv: I
Estermann, Physics Department, Carnegie [nstitute of
Tm'""%

UM, G. Ranque, J. de. phys. et rad. [7], 4, 112 (1933).

LT temperatures. Efficiencies and applications are discussed.

How of 1 v oscrew-itke motion, cscapes
*Hrougi ;e This rotating ur stream
produces @ rewion of increased pressure near the
wall inside the cvlinder, and a region of decreased
pressure near the axis. If one end of the cvlinder
is closed by a diaphragm which permits the
escape of air onlv from the central region, while
the other end is throttled, the air escaping
through the central diaphragm has a reduced
temperature, whiie the air escaping through :he
other end shows s temperature increase. The
observed temperature difference between the two
streams, using compressed air of 6-atmos. gauge
pressure at 20°C, was 70°C, while the lowest
temperature of the cold stream was —12°C,

The purpose of this investigation is to design
an arrangement of this kind which can be used
as a cooling process of maximum efficiency, and
to determine the largest efficiency obtainable,

2. CONSTRUCTION AND FUNCTION OF A
“VORTEX TUBE™

The results of numerous preliminary experi-
ments showed that for a faverable cooling ctfect

* Literal transiation of the German ward “IVirbelrahre.”
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the dhaobracm <hould be instoed s oear s
nossible to the nozzle. The circular i tlow near
the nozzie and the diaphragm should be a5 nearly
as possible of rotational symmetrv. This is
achieved by a peculiar method of introducing
the compressed alr, which is shown in Fig, 1b
and !c. Two pieces of tubing of internal diameter
R are attached to the cvlinder by mdans of
Hanges and overlapping nuts; one of the danges
acting as diaphragm B iocated near the nozzie.
For an explanation of the mechanism of the
vortex tube we refer to Mg, la. If both ends of
the attached tubes are open. rhe air entering
rangentiatly hreugh 2 escapes wits a screw-like
mation Ldong the wall of the feft cabe, while rhe
centrifugal force and the inwrnal friction of the
zas produce a lower pressure in the axial rezion.
Heace. air wiil be sucked in through B from the
sight tube. This can be avolded f rhe fow
through the left tube Is throttled by a valve
attached 1o the cend of this tube.
should be suifciently far nway from
aibout 30000 w0 rhat the g
ive fost most of its screw-):
of internal friction. By pardai closing of
valve, 1t s nossible to force a fraction. g, of
alr stream 1o escape to che right throush
daphragm 3. This {raction increases with in-

This vaive

ceav
Ko modon ecaise
riwe
the
the
CTCASING HTUTINL DTUSSUre 2y Vil s omensured
m the el tuoe near the valve, and it originates
i the regton uear the axis of the vortex in (e
lelt purt of the rube. The afr cscaping through 3
has been expanded in the centrifugal tield {rom
v region of high pressure near rhe wall of the
cviinder to a pressure p; in the region near the
axis: and it has transferredd o considerable part
ol its kinetic energy by means of internal friction
(0 the peripaeral lavers. Thesze tlow to the right
and 4 higher temperarure. Hence, a
craction ool the expanded air lvaves the tube to
the right with reduced temperature, and a frac-
gon {1 —pu} escapes ro the left with inereased

ACULe

emperature.

in the absence of internal friction, and wirh a
suthelnt pressure gradient, the velociey Of the
2If WOULL INCTease to supereofic speed during the
cxpansion between the circumference and the
s of the vortex rube. The internal friction,
wowever, is particularly erfective in this region,
1t causes a tlow of energy from the uaxis ‘o the
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F1a. 1. Vortex tube: ia) schematic skewch; (b) tube
taken apart {thread surfaces black); {c) central piece with
NnozZzie.

circumterence by trying to establish a constant
angular velocity throughout the cross section of.
the tube. There will he, therefore, a decrease in
the heat content of the axial part of the air
stream Howing to the right and an increase in
the hear content of the stream flowing to the
wit, i heat exchange with the surroundings
throngl: the wall of rhe tube is prevented.

The demonstration of zuch a vertex tube is
simply astomshing. With proper choice of the
fraction 2 and 1—u, compressed air of 2 few
atmospheres pressure and 20°C will easily pro-
duce a remperature of —~200°C in the left tube
and —30°C in the richt tube.

3. DETERMINATION OF THE MOST FAVORABLE
CONDITIONS FOR THE OPERATION
OF A YORTEX TUBE

In the construction of a vortex tube according
to Fig. 1 the results of several preliminary
experiments have been utilized. [t appears that
the cficiency is not affected by any particular
shape of the cylindrical container, or of the

“varm” rube. \Wao used, therefore, a smooth

cylindrical tube of sutficient length. The tube
carrving the diaphragm 3 may have any shape
which does not interfere with the fAow of the
coid air. Attempts to increase the erficiency by
using diazphragms of speciai shapes had no ap-
narent resuits. The use of a thin-walled German
siiver tube and the arrangement of screws and
Aanges for the assembly as described eariier
reduces the neat transier between the warm and
ihe cold part to 2 smail vaiue.
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F1G, 2. Temperature of cold and hot pas stream and
internal pressure in tube No. | as [unction of external
pressure, size of diaphragm. and u. u=mass oi coid/mass
of total air. Constants: R=4.6 mm, D= 1.l mm, Tp=20°C,
Pa==1 atmos, Parameter: pressure p at the nozzle.

While the general design is fixed by the simple
principles listed above. there are a number of
variables to consider which affect the operation.
Since it seems rather difficult w0 derive these
influences theoreticaily from an anaiysis of +he
behavior of the compressible flow in a quantita-
tive form, thev were subjected to an experi-
mental investgation. The temperatures of the
gas in the two fHow directions depend on the
following variables:

(1) Temperature, T, pressure p; and rate of dow 7 f

the expanding compressed air.

{2) External pressure p, outside the vortex rube,

(3) Diameters of the tube {R), the diaphragm (B}, and

the nozzle {ID): these quantities determine (.

{4) Ratio of distnbution of air between the How in both

directions, s-mass of cold air/mass of total air.

The measurement of the temperature of rhe
streaming gas streams presents a separate prob-
lem. Thermocouples arranged in the gas stream
would give incorrect results, since it 1s certain
that the expanded cold air has aot completely
given off its kinetic energy and still contains
arotating flow. For this reason, the temperatures
T were simply measured at rhe thermally insu-
lated walls of the tubes. These measurements
vield temperature differences which are certainly
not too favorable. but wiil probably be oo small.

4. RESULTS

Figure 2 contains results obtained with 2
rortex tube of a diameter R =4.6 mm. The effect
of the nozzle diameter D cannot be ascertained
from this figure, but it was found by experiments

that D=1.1 mm was 21 {avorable value. Smailer
vaiues of 2 wonid certainiv be lvss favaorable. i
thev were chosnt, he rotatne tow wouid de-
crease too fast e acospunt of
dow and the mere important contribution f che
friction between vas and walls, Lormer vaines of
D would result in such large rates of tow that it
could not be carrted Hv the tube withour in-
creasing the pressure p; to too large vatues. This
would make the cxpansion rario »¢p; untavor-
able. The pressure difference pi— 2., morcover,
causes (osses at the throttle.

Figure 2 shows the temperatures of rhe cold
and warm tubes as functions of » for four «iffer-
ent vaiues of the inital gas pressure . The ratio
wean be changed by means of 4 valve attached
to the free cnd ot
about 30 em Lo
nozzie, the roratioZ onmponent of the was motion

the smad caie of

she avarm rube. which was

AL FUch o dlistance Trom che

had decreasced sumciently. The value of 4 was
measured with two gas meters arranees o che
cold and warm stream. respecavelv. Uhie total
rate of How is nroportional to the absolute pres-
soornencaily
independent ot the serting of the walve and,

sure » ol the carering eas, but

therefore, of «. For 2 =1.1 mm .o« ur, the rate

i dow wes, Tor instance, G=7.0 u' hr. for
P05 L
sure p; was measured near the throtrie valve aml
is aiso plotted i Fie, 2. The intuence of the
diamerer of the dtaphragm B i shown for four
different values.

There s aiwavs a certain vaiue of z producing

sressure. Phe meernai pres-

4 mintmum value of the temperature of the coid
air. The larger the wvalue of a4, the higher the
temperature of the warm end. A small diaphraem
{B=1.4 mm) is rather unfavorable, cepecially
at high values of 4, since then the nternal
pressure p; and the thrattie losses become too
large. On the other hand, the iargest diaphragm
(B=2.7 mm) gives a1 smaller cooling cffect in
the minimum of the curve because it permits the
entrance of alr {rom regions wiere the rotating
tiow is still considerable. For laree values of o

{e.g., 0.8}, the most favorable cooling vifect 13

obtained with the farcest dinpihragm. The choice
of the daphragm diamewer B depends, conse-
quently, on whether 1t is Jdesired 1o reach very
low temperatures or 1o produce hrge quantities

i
b
of cold air The vadoe B=22 nun may be
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considercd as o most {avorable compromise solu-
non for these two {actors.

Masvy more derails may be seen in the curves,
It shouid be pointed out, in partcular, that the
cooling of the cold zir and the heating of the
warm air with respect to room femperature are
equai for u =1.3. It is easy tv -v¢, moreover, that
the relation

aocooling) =+1—pi  heating)

must be alwavs vaiid since the amount of heat
removed from the rooled 3ir must be equal o
the amount of heat given to the heated air. It
should aise be remarked thar the setting of the
shrottle alve iving mimmum emopertare ©an
e oot ciasiiy wvithout speciol easuarermaents |
a buthing sound is audibic it the valve is set {or
the correct value u Je.q., g=0.3 for 10 atmos.
and B=22 ° [t should be
realized that the temperature of the cold air is
measured too hich if 4 s verv smail. and :he
remperature of thie warm «r is measured too
ow if « & acar 1, because in bolth cases the rate
of row througn the tube in question is very

mm, I'=-33°C,

anutl.

Htowould be necessary ro repeat all the meas-
urements for different —alues of the tube diameter
2. in arder to investigate the inBuence of this

Temperature 1
of cold tube.

4 = Mass of cold gas.

7

“Mozs of tatal gas.

Fro. 5 Temperawre and heat content 4 che cold air
sireain of 1wbe No.o 2 with most fivoraiie diaparagm.

OF EXPANSION

GASES m
guantitv, [t is, however, sufficient to report the
measurements in the cold air stream with the
most favorable value of the diumeter of the
diaphragm B for a wider tube (Fig. 3). The
diameter of the rube R has been increased to
more than rwice its former value, and the nozzie
Jdiameter 2 in proportion. In this case, the
renperatures of the coid air are lower than those
m Fig. 2 for all values of p. Additional data for
the lowest temperatures obtained with a still
larger tube as function of p are given in Fig. 1.
The totai rate of tiow & for all tubes may be
represented by the reiation

U =const.: Fp,

where £ is the area of the nozzle in mm?, p the
imitial air pressure in atmos., & the rate of air
fow in kgshr., and const.=0.80 kg/(h mm?
atmos. ),

Finallv, we snow in Fig. 3 the product
#(Ty—=T) as funcuon of u for tube No. 2. This
product is proportional to the total cooling
effect. It is apparent that the maximum heat
removal does not occur at the value of 4 for
which the lowest temperature is obtained,

it follows from Fig. 4 that increasingly larger
temperature reductions and cooling effects may
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be obtained with larger vortex tubes at the same
initial pressure. The rates of ilow, however. he-
come considerable, and the capacity of the com-
pressor which was available <lid not permit the
use of larger tubes. 1t 1s casy to see that the
efficiency increases for larger tube diameters.
because for larger tube diameters the heat losses
due to heat conduction from the axis to the
circumference of the vertex tube become less
important. The larger the tube diameter R, the
smaller is the ratio B/R, where B Is the most
favorable diameter of the diaphragm. {t shouid
be remembered, however, that a relatively smail
diaphragm favors transmission of coid air which
has been weil expended and s pracseily free
{rom revoiving motion.

5. THERMODYNAMIC EFFICIENCY OF A
VORTEX TUBE

The caiculation of the cooiing eficivncy of a
vortex tube will be carried out by compuring it
with the cooling efficiency of the aciabatic x-
pansion of a perfect gas in an expansion engine
delivering externai work. Such un engine wiil,
theoretically, deliver a continuous fow of cold
air of the temperature T, produced by expanding
a gas of the temperature 7 from the pressure
to the pressure pa. For this process,

——
—

To,f TL = fp,’ ‘Dn)(T_l”T.

The work E delivered by the expansion ¢ngine
per unit mass is £ =c¢,(To— 7' and is equivalent
to. the amount of heat () removed from the gas.
The mintmum amount of work required for

2
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Fig, 5. Efficiency of 3 refriceraimg machines
fur comparison,

HILSCI

vsothermaly the compression s

i
A =RT,in-—. kA
“a

Substituting for /2. from Eq. 015, one obtains

B :«;',,Tn |l'l**.
i

i

‘he result
the expansion

The ret work required 1s 1 =72, and
obtatned for the efficiency ot
engine is

'\Vh(_‘f(‘ AN J:‘-\, ‘.'I‘:.
1

Tl offictency o the vortex tube s loss

rhar of $he ox poansion engine, since onlva

g oof the cas s cvounded Into o cowd stream 2l

heat s removed by anether tracuon of the cas
1 —p). Morcover, no cxpansion work is sained,

According to the explanation of the mecoanisin
given in Section 2.
spiral patiy and withdrawn throngh adiaphracm.
The internal (ricion tends to produce & uniform
angcttlar velociey along the path
the centrifugal tekd. The same cifect coand De
obtained bv installing 1 turbine wheei in front
of the nozzle. This would transiorin rhe vortex
tube into an expansion turbine, where the com-
aressed gas onters near the circamierence and
feaves at low pressure near the axis while me-
chanical work s detivered by the wurtine roror,
[n this theoreticai case ail the gas could De

the vas 15 expanded alony o

St expansion i

removed as coid zas through the Jdlaphragm:
and the eificieney would be ne as derived
Eq. i4). The work developed at the turbine rotor
could be changed into heat by a friction cluteh
an e shaft. This heat could be removed by
hranching off o verv small fraction of ihe ox-
patded gas owads the warm side of the vortex
sube whic, would eseape with anv desired high
temperiure.

The efficienes of such a hypotheteal vortex
tube with a hiddes tarbine would be Larger than
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Mooy o e Noo o R 17,6 mun, To= 18°C, pe= i atmos.

1. Pressure ratio use [ pa. ) 4 7 11

1, Maxunum temperatire cron (7= Tomax 21°C J6°C 52°C 68°C

3. Theoreucal temperature crop (= 1y n7°C 95°C 124°C {44°C

4. Temperuture ethcieney @ =1 7y—= Timax (Ty— 7)) .36 0.38 Q.42 0.47

3. [wiZe— M max 15.3°C eC 24°C 27.5°C

6. Cooiing etheiency 3= [u/Ty— T Jinax/ (To— 7)) 0.23 0.22 0.19 .19

7. Theoretical etficiency np 0,38 0.81 057 0.72

3. Practicai eiciency Saw .20 017 0.158 0.14

that of a real vortex tube, since afmost ail the
cas would escape as a cold stream through the
diaphragn. No expansion work would be de-
veioped in this case: its heat equivalent would
ce carnied off by the minute amount of gas
wscaping through the warm tube. The efficiency
ot such an wdeal vortex tube shall be compared
with that of the actuai vortex tube: it is obtained
by omitting the expansion work £ in the denom-
inator of Eq. “4). The result is

mw=v—1)/x Inx, {3)

Figure 3 shows the tlependence of ng and 7w
an x, also, and for comparison onlv, the efficiency
4 4 tarnot engine n.. While such an enpine is
wot very practical for e preduction of a con-
“nuous stream of cold air of the temperature 77,
+ s drequently used in ooractice for such a
surpose. The upper scales in Fig, 5 show the
GUSSUrC Tatio pspe for wiich the temperature
cativ 7w, Ty is reached for mono- and diatomic
Lovs. For x=1, ncand =z approach -, while all
Caives of 7 approach cero for large values of .

he theoretical cinciency of the vortex tube
- rather favorable, oxpecially for large pressure
-ativs where 1t approaches the value »g.

The resuits of these rheorerical considerations
mav now be compared with data for acruai
sortex tubes found bv cxperiment ‘Table 1),
The data given in this table reier to the largest
e Mo, 3 with o diameter R=17.6 mm. Data
aven in line Xare taken from the curves in Fig, 4.
e values for the quantity {007y — 7 Jmas in
spe 3, which 15 proportional o the amount of
roid . are taken from the curves in Fig. 3 and
tave been multiplied with a factor 1.1 (see Fig.
§), in order to obtain corresponding values for

tube No. 3. It is apparent that the obtained
tempurature drop a reaches almost 50 percent
of the theoretical value. The "' cooling efficiency”
B is denned as the ratio between the 1ctuaily
obrained ctficiency and the theoretically calcus
lated etficiency, it amounts to about 20 percent.
The practical thermodynamic efficiency in fine 8
is defined as Bnw this definition would be valid
if an ideal air compressor would be used.

It is probable that the reai efficiencies are
somewhat better than the data in Table |
indicate. This is caused bv, firstly the method
of temperature measurement which gives un-
favorabie values, and secondly, to rhe presence
of moisture in the compressed air, which appears
in the coid stream as a fog of ice crystais.

6. APPLICATIONS OF THE VORTEX TUBE

Since resuits for rhe efficiency of a well-
designed vortex tube operated with compressed
air are now available, 't mayv be in order to
discuss possible appiications,

There is little probability that vortex tubes
will repiace the customary refrigerating ma-
chines, since their efficiencies are much better in
the region of smail pressure ratios. There may,
however, be special cases where a vortex tube
would be more desirat!: because of its simple
construction (e.g., air cooling in mine shafts).

The situation is different at low inizial temper-
atures and high pressure ratios. [t may be
expected that the vortex tube will be superior to
the throttle expansion Joule-Thompson effect)
for gas liquefaction. For these appiications to
lowest temperatures additional measurements
are pianned and will be reported later.



