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The  results of  tests on vor tex  tubes of  new construct ion are presented.  

During  the l a s t  two decades  work  has  been  done in 
many  c o u n t r i e s  to i n c r e a s e  the e f f ec t ivenes s  of the 
v o r t e x  tube as  a g e n e r a t o r  of co ld  gas .  The s u c c e s s  
a t t a ined  has  r e s u l t e d  f rom p u r e l y  e m p i r i c a l  r e s e a r c h .  
The hypo the se s  advanced  to exp la in  the effect  not only 
fa i l  to poin t  to ways  fo r  i m p r o v e m e n t ,  but  a l so  do 
not  p e r m i t  a s s e s s m e n t  of the s ign i f i cance  of s u c -  
c e s s e s  a t t a ined ,  s ince  t h e r e  has  been  no def in i t ion  
of what the  " idea l"  v o r t e x  tube migh t  be.  The con-  
s t r u c t i o n a l  deve lopmen t  of the v o r t e x  tube has  p a s s e d  
th rough  the fol lowing b a s i c  s t ages .  

H i l s ch  [1] e s t a b l i s h e d  op t imum r e l a t i o n s  be tween  
the d i m e n s i o n s  of the b a s i c  e l e m e n t s  of the c y l i n d r i -  
ca l  v o r t e x  tube with c i r c u l a r  in le t  n o z z l e : f  = F c / F  = 
= 0 .057 ,  d / D =  0 . 3 7 - 0 . 4 8 ,  L/D ~ 50. The v o r t e x  
tubes  i n v e s t i g a t e d  by  Hi l sch  w e r e  d i s t i ngu i shed  by  a 
s m a l l  va lue  of f ( s m a l l  r e l a t i v e  amount  of gas  sup-  
pl ied)  and a t t a ined  a c o m p a r a t i v e l y  high r e f r i g e r a t i o n  
c a p a c i t y  7• even at  high p r e s s u r e  ( (7•  = 0 .22 
at  7r= 4 and (~•  = 0.19 at  7r= 11), the t h e r m a l  
e f f ic iency  .~ i n c r e a s i n g  with i n c r e a s e d  p r e s s u r e  and 
r e a c h i n g  a va lue  ~max = 0.47 only at  ~ = 11o 

M e r k u l o v  [2] s u g g e s t e d  twis t ing  the gas  in a p lane  
coch lea  def ined  by an A r c h i m e d e s  s p i r a l ,  with a r e c -  
t a n g u l a r - s e c t i o n  nozz le  inlet .  Th is  i m p r o v e m e n t  of 
the flow p a s s a g e  a l lowed an i n c r e a s e  in the r e l a t i v e  
s e c t i o n  of the  nozz le  in le t  up to f = 0. 096 (in the r ange  
2 -- ~ -< 6) and increased the thermal efficiency to 
Umax ~ 0.5 (d/l) = 0.45), without reducing the values 

of (UX)max (d/D = 0.55). Merkulov also noted that the 
cylindrical vortex tube with a crosspiece in a flow of 
heated gas has an optimum length L = 9D, the opera- 

tion of the tube sharply deteriorating in the event 

L < 9D, while the L > 9D the influence of the length 

is small. 
Finally, Hendal [3] proposed a vortex tube in the 

form of a divergent conical nozzle (length ~5D, ~ = 
= 2-6~ followed by a long cylindrical portion. A 

tube of this construction (D = i0 mm, ~ = 3.6 ~ proved 

to be more effective by 10% than a cylindrical tube, 

and with external water cooling, by 15%. 

A smooth increase in curvature of the surface of 

the cochlea and a smooth decrease in the area of the 
nozzle channel may also increase the efficiency of 

the tube by several percent [4]. The assertion in [4] 
that "vortex deceleration" has a considerable influ- 

ence is unfortunately not borne out by the experimen- 

tal data. In contrast to the extended form of the com- 

paratively long vortex tube (L/I) > I0) [I, 2, 3], 

Metenin [4], in tests on a vortex tube in the form of 

a conical nozzle with a vane diffuser at its hot end, 

obtained satisfactory results only with a short tube 
(L/D = 3). The question of optimum length is also 
very important for an understanding of the vortex 
tube mechanism. 
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Fig. I. Circuit of the vortex tubes investigated: 
i) conical tube; 2) plane cochlea (Archimedes 
spiral); 3) diaphragm; 4) nozzle; 5) control valve; 

6) cone; 7) diffuser for cooled gas. 

The present paper sets out some results of prac- 
tical value obtained in tests on long conical tubes, 
performed with the object of explaining the physical 

principle of the vortex effect. 
Experimental setup. The conical tubes (D = 30 ram, 

(~ = 2.3 ~ L = 400-840 ram) were made of stainless 

steel sheet 0~ 6 mm thick (Fig. I). The tubes had a 
mirror finish, and the deviation of their sections 
from the circular, measured particularly in the re- 

gion of the contact weld seam, did not exceed 0.6 
mm (_<2%). Compressed gas was supplied through 
drying nozzle 4, which had a smooth transition from 

a circular to a square (12 x 12 ram) section, to a 

plane spiral cochlea 2 (Archimedes spiral), whose 
section decreased from 12 x 12 turn to an exit section 

of 6 x 12 mm (f = 0. I0). Tube conditions were con- 
trolled by the valve 5; the cone 6 gave a symmetrical 
outflow of heated gas. The cooled gas discharged 
either through the aperture of diaphragm 3 or through 

the conical diffuser 7 of angle 4 ~ and length about 

500 ram, made, like the tube, of stainless steel 

sheet. All the elements of the vortex tube were 

covered with thermal insulation. Because of the small 

mass of the elements of the tube, the "thermal in- 
ertia" of the equipment was small, which allowed 
short term variations of the tube conditions to regis- 

ter during continuous recording of the thermocouple 

emf's. 
The working gas was nitrogen (except tests d in 

Fig. 2A), circulating in a closed system, filled with 

pure dry gas from a tank containing evaporating li- 

quid nitrogen. Measurement of the differences AT I 
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and AT 2 was done with the aid of ca l ib ra ted  copper-  
constantan thermoeouples  of d iamete r  0.2 ram, 
whose junctions,  enclosed in a smal l  s ta in less  s teel  
tube (1 x 0.1 ram) with ape r tu res  to let  the gas in and 
out, were located at low-veloci ty points in the gas 
s t r eam and in the chamber  nea r  the cone 6. A ba t t e ry  
of two thermocouples  was used to measu re  difference 
ATe. The thermocouple  emf ' s  were  recorded  with an 
EPP-09  automatic po ten t iometer  (10 mV, c lass  0.5). 
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Fig. 2. C h a r a c t e r i s t i c s  of vor tex  tubes with 
7r= 4 (A) and 8 (B): a, b, c, e) conical;  d) cy-  
l indr ica l  (D = 30 ram); a) with L /D = 13 
(diaphragm d = 15 mm); b) 28 dif fuser  d = 
= 17 ram); c) 13 (diffuser d = 15 ram); d) 13 
(diaphragm d = 15 mm); e) for  tube c,  the 
working gas was hel ium, v = 3.4; I - -va lues  

of ~; II--~x; IH--p2/P0. 

In measur ing  the t e m p e r a t u r e  f ields at the surface  
and inside the tube, the emf ' s  of 12 thermocouples  
were  r eco rded  s imul taneously  by two s ix-poin t  po-  
t en t iomete r s .  The e r r o r s  in ca l ib ra t ion  and m e a s u r e -  
ment  did not exceed 1% of the t e m p e r a t u r e  difference 
being measu red .  

The m e a s u r e m e n t s  of m a s s  flow ra te  of gas with 
the aid of conventional d iaphragms were  used  mainly  
to ver i fy  the heat  ba lance  of the tube. Values of • 
were  ca lcula ted  according to the m e a s u r e d  d i f ferences  
AT 1 and ATe, using the condition of ze ro  t he rm a l  
l o s s e s ,  s ince the d i sc repancy  in heat balance did not 

exceed 10%. 
Resul ts  and discuss ion.  In tes t ing the cy}indrical  

tube (D = 30 ram,  L/D = 13) it was noted that  con- 
s ide rab ly  improved  r e su l t s  were  obse rved  if the v o r -  
tex tube conditions were  cont ro l led  with the help of 
valve 5, and the cone 6 was mounted in some opt imum 
posi t ion (curve e in Fig. 2A and B). But in that  case  
the tube r eg ime  was uns table ,  and the good r e su l t s  

observed could not always be reproduced;  the in t ro-  
duction into the tube of a straightening sp ider  actually 
worsened the situation somewhat. 

To improve the operat ion of the vortex tube it was 
expedient to replace  the cyl indr ica l  tube by a high- 
per formance  diffuser channel of sufficient length and 
smal l  divergence angle. Fo r  this  purpose a long coni-  
cal  tube was p repa red  (D = 30 ram, L = 840 ram, c~ = 
-- 2.3~ the resu l t s  of investigating this tube a r e  
shown in Figs.  2 and 3. The flow regime in the con- 
ical  tube proved to be more  s table ,  and depended only 
sl ightly on the posit ion of the cone 6. 

Because of the grea t  length of the tube, i ts smal l  
wall  thickness (0.6 ram), and the low the rmal  conduc- 
t ivi ty of s ta in less  s tee l  (0.15 W / c m  degree) ,  the heat 
flux along the walls  of such a tube may be cons idered  
negligibly smal l  in compar ison with the heat  t r a n s f e r  
between the wall and the gas flowing inside. The re -  
fore  the t empera tu re  of the wall  insulated on the out-  
side must  be close to the stagnation t empera tu re  of 
the gas d i rec t ly  at the wall. F igure  3 shows the d i s -  
t r ibut ion along the tube length of the wall and the 
stagnation t empera tu re  of the gas at the tube axis for  
var ious  values of X (the t empera tu re s  of a l l  the points 
at each value of • a re  noted simultaneously).  It is 
in teres t ing  to note that at sma l l  values of • the d i s -  
t r ibut ion of gas stagnation t empera tu re  on the tube 
axis  is  s i m i l a r  to the t empera tu re  dis t r ibut ion onthe 

tube sur face ,  while the gas t empera tu re  at  the wall  
with L/D ~ 13 exceeds the mean t empera tu re  of the 
heated gas emerging f rom the tube. The t empera tu re  
dis t r ibut ion obtained pe r m i t s  cer ta in  conclusions to 
be drawn regard ing  the extent of the "active" zone of 
the tube. Since the stagnation t empera tu re  of the pe -  
r i phe ra l  gas l aye r s  in the insulated tube may be ex-  
ceeded only by rece ip t  of energy f rom the cooled flow, 
it is na tura l  to suppose that the active zone c o r r e -  
sponds to the region in which the pe r i phe r a l  t e m p e r a -  
ture  is  exceeded.  As may be seen f rom Fig. 3, this  
reg ion ,  which occupies the ent i re  tube at  sma l l  •  
d e c r e a s e s  with inc rease  of •  but even at  • = 0.90, 
i ts length is  not l e ss  than 13D. In o rde r  to c la r i fy  the 
question as to whether the ext ra  length would prove 
to have a harmful  influence on the operat ion of the 
tube, t e s t s  were a lso  made on a conical  tube of length 
L = 13 D, whose c h a r a c t e r i s t i c s ,  o ther  conditions 
being equal,  turned out to be p r ac t i c a l l y  the same as 
those of the long tube. 

I t  was shown in a s e r i e s  of t e s t s  that  the conical  
d i f fuser  7 had an apprec iab le  influence on the o p e r a -  
t ion of the vor tex  tube. With ident ical  d i a m e t e r s  of 
d iaphragm and diffuser  inlet  ape r tu re  (d/D = 0.54),  
the d i f fuser  cons iderab ly  i nc r ea se s  the t he rma l  effi-  
c iency in the region of smal l  values of • (• < 0.3;  
compare  curves  a and c in Figs .  2A and B). Fo r  
l a rge  d i a m e t e r  (d = 17 ram, d/D = 0. 565), the d i f fuser  
a l so  i nc r ea se s  the r e f r i ge r a t i on  capaci ty  of the tube 
(b in Fig.  2A and B). 

In o r d e r  to explain the influence of the i sen t ropic  
exponent k = Cp/Cv, one tube was tes ted  both in n i t r o -  
gen {k = 1.40) and in hel ium k = 1.67 (compare  cu rves  
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c and e in F ig .  2A). With h e l i u m ,  on ly  s o m e w h a t  
h i g h e r  v a l u e s  of  ~? w e r e  o b t a i n e d ,  wh ich  undoub ted ly  
i n d i c a t e s  t h e  e x p e d i e n c y  of  r e d u c i n g  the  e x p e r i m e n t a l  
da ta  in the  f o r m  of  the  e q u a t i o n  

(1) 

where the function V may be considered independent of 
the isentropic exponent. 

In one test the tube (b, Fig. 2A) was cooled on the 
outside with water at a temperature close to that of 
the gas supplied (~18 ~ C). The water cooling allowed 
maximum relative refrigeration capacity to be ob- 
tained ~?X max = 0.28 with ?( = 0.8 (the lower points 

on Fig. 2A), but further increase of X led to consider- 
able deterioration in the operation of the tube. 

Measurements of pressure P2 of the heated stream 
ahead of valve 5 showed that the dependence of P2 on 
?/ is close to linear, and changes slope noticeably at 
some value X', which decreases with increase of ~r 
(X' ~ 0.25 with ~ = 8, Fig. 2B). The more stable 
operation of conical tubes allowed observation of 
small temperature discontinuities at these same 
values of • ~ The phenomenon noted points to the fact 
that in the vortex tube there exist at least two differ- 
ent hydrodynamic flow regimes, with discontinuous 

transition from one to the other, and the character- 
istics of the vortex tube do not necessarily have the 

f o r m  of s m o o t h  c u r v e s .  

T h e  r e s u l t s  o b t a i n e d  a l l ow  the  f o l l o w i n g  c o n c l u -  

s i o n s  to  be  d rawn :  

1, T h e  c o n i c a l  v o r t e x  t u b e s  i n v e s t i g a t e d  f o r  t h e r -  

r e a l  e f f i c i e n c y  and r e f r i g e r a t i o n  c a p a c i t y  s u r p a s s e d  
t h e  b e s t  c y l i n d r i c a l  t u b e s  by 2 0 - 2 5 % .  

2. T h e  l e n g t h  o f  v o r t e x  t u b e s  of  t he  c o n s t r u c t i o n  

d e s c r i b e d  shou ld  no t  be  l e s s  than  13 D. 

3. P a s s i n g  the  c o o l e d  f low t h r o u g h  a c o n i c a l  d i f -  

f u s e r  (c~ = 4 ~ i n c r e a s e s  t he  t h e r m a l  e f f i c i e n c y  at  
s m a l l  v a l u e s  of  ?~ (d/D = 0 . 5 - 0 . 5 2 )  and  i n c r e a s e s  the  

r e f r i g e r a t i o n  c a p a c i t y  of  the tube  (d/D = 0 .57) .  

4. C h a n g e  of  the  i s e n t r o p i c  e x p o n e n t  k = C p / C v  
f r o m  1 . 4 0  to 1 .67  ( n i t r o g e n  and h e l i u m )  h a s  v e r y  

l i t t l e  i n f l u e n c e  on the  t h e r m a l  e f f i c i e n c y  of  the  p r o -  

t e s s  in t he  tube .  
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Fig .  3. D i s t r i b u t i o n  of t e m p e r a t u r e  T- -To  ( d e g r e e s )  

a long  the tube f o r  v a r i o u s  v a l u e s  of )~ ( 1 - - 0 . 9 0 ;  2-- 
0 .77 ;  3 - - 0 . 6 9 ;  4 - - 0 . 5 8 ;  5 - - 0 . 3 6 ;  6 - - 0 . 1 1 ) :  a) t e m p e r -  
a t u r e  of the tube s u r f a c e ;  b) s t a g n a t i o n  t e m p e r a t u r e  
of the gas  on the tube ax i s ;  c) po in t s  c o r r e s p o n d i n g  to 

the  va lue  of A T  2 a t  the i nd i ca t ed  •  

NOTATION 

G-total mass flow of gas through the tube; Gl-mass flow of 
cooled gas; • = G1/G--fraction of cold flow; To, T1, T2-absolute 
stagnation temperatures of gas at tube inlet, in cooled flow, and in 
heated flow, respectively; ts-absolute thermodynamic temperature 
of gas at end of reversible adiabatic expansion; AT1 = To - Tz; 
ZkT2 = T2 - To; ZkTs = To - ts; ,7 = AT1/ATs-thermal efficiency of 
process in vortex tube; ~• refrigeration capacity of vortex 
tube; Po, Pz, P2-stagn ation pressure of gas at tube inlet, in cooled 
flow, and in heated flow, respectively; ~ = po/Pl; k = Cp/Cv; L-  
tube length; D-least tube diameter near nozzle inlet; d-diameter 
of diaphragm or of diffuser inlet aperture; c~-cone vertex angle; 
F = ~rD2/4; Fc-area of smallest section of nozzle; f = Fe/F. 
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