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We present the results of an experimental investigation of a conical vortex cooling unit. 

A g e n e r a l  v iew of the i n s t a l l a t i o n  is  shown in F ig .  1. C o m p r e s s e d  a i r  e n t e r s  s i l i c a - g e l  d r y e r  12 and 
p a s s e s  f r o m  t h e r e  to a n n u l a r  r e c e i v e r  3, f r o m  which  i t  p a s s e s  t h rough  the c o n v e r g i n g  s e c t i o n  of  a nozz l e  
into the c o i l s  of the  coo l ing  uni t .  The to ta l  p r e s s u r e  (P01) and the s t a g n a t i o n  t e m p e r a t u r e  (T01) of the  f low 
a r e  m e a s u r e d  in the  r e c e i v e r .  The to t a l  p a r a m e t e r s  ( p r e s s u r e  P0c and t e m p e r a t u r e  T0c ) of the  co ld  f low,  
a f t e r  s e p a r a t i o n ,  a r e  m e a s u r e d  in r e c e i v e r  2, whi le  the p a r a m e t e r s  of the hot  f low (P0h and T0h ) a r e  m e a -  
s u r e d  in r e c e i v e r  4. The weight  f r a c t i o n  (#) of the co ld  f low is  r e g u l a t e d  by m e a n s  of v a l v e  5. The  t e m p e r a -  
tu re  is  m e a s u r e d  wi th  a c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e  0.4 m m  in d i a m e t e r .  The p r e s s u r e  i s  d e t e r -  
m i n e d  with  s t a n d a r d  m a n o m e t e r s  ( c l a s s  0.5) wi th  a s c a l e  r a ng ing  f r o m  0 to 6 gauge  a t m o s p h e r e s ,  and the 
f low r a t e s  of the  i n l e t  and coo l ing  a i r  a r e  m e a s u r e d  wi th  V e n tu r i  t ubes  1. The V e n tu r i  tubes  a r e  c a l i b r a t e d .  
The m e a s u r e m e n t  of the c o l d - a i r  f low r a t e  was  c he c ke d  by c a l c u l a t i n g  the f low r a t e  o v e r  the c o l d - a i r  v e l o c -  
i ty  f i e ld  at  the ou t le t  f r o m  the connec t ing  tube .  The m e a s u r e m e n t  of the i n l e t - a i r  f low r a t e  was  m o n i t o r e d  
in s i m i l a r  f a sh ion  only fo r  the # = 1 r e g i m e ,  s ince  the change  in the f low r a t e  of t h e  in le t  a i r  i s  i n s i g n i f i -  
c an t  fo r  the c o n s t a n t  e x p a n s i o n  and p r e s s u r e  r a t i o s  which  p r e v a i l  at  the co ld  end of a v o r t e x  coo l ing  uni t .  
In a l l  of the e x p e r i m e n t s  the  hea t  was  r e m o v e d  f r o m  the hot  end of the v o r t e x  coo l ing  unit  by m e a n s  of  f r e e  
c o n v e c t i o n ,  wi th  the e x c e p t i o n  of the e x p e r i m e n t s  invo lv ing  tubes  v a r i o u s l y  t a p e r e d  at  the co ld  e n d s ,  t h e s e  
t e s t s  t ak ing  p l a c e  wi th  the  coo l ing  uni t s  t h e r m a l l y  i n s u l a t e d .  In add i t i on  to the t h e r m a l  i n s u l a t i o n ,  in th i s  
c a s e  t h r e e  e l e c t r i c a l  c o m p e n s a t i o n  c o i l s  w e r e  moun te d  at  the hot  end of  the  v o r t e x  coo l ing  unit  to o f f se t  the 
l o s s  of the  hea t  evo lved  f r o m  the hot  end .  The hea t  f lows at  the hot  end w e r e  m o n i t o r e d  a t  t h r e e  p o i n t s  a c -  
c o r d i n g  to the  r e a d i n g  f r o m  t h e r m o c o u p l e s  e m b e d d e d  at  e a c h  po in t  a t  a d i s t a n c e  12 m m  f r o m  e a c h  o t h e r .  
The we igh t  f r a c t i o n  (#) of the co ld  f low in th i s  c a s e  w a s  d e t e r m i n e d  f r o m  the h e a t - b a l a n c e  cond i t i on  fo r  the 
t ube ,  on the b a s i s  of the  m e a s u r e d  t e m p e r a t u r e  d i f f e r e n c e s :  

h t h  

A r c +  At  h " 

The t e s t  v o r t e x  tube had  a d i a m e t e r  of 20 m m  (f" = 0.116), w h i c h w a s  the s a m e  a s  tha t  of  the  hot  end  
n e a r e s t  the n o z z l e  c r o s s  s e c t i o n ;  the a r e a  of the c o n v e r g i n g  s e c t i o n  of the nozz l e  a t  the c r i t i c a l  c r o s s  s e c -  
t ion  was  equa l  to 7.6 • 4.8 m m  2 (b /h  = 1.58) and the l eng th  of the hot  e n d w a s  L = 2 8 0 m m  ( L / D  = 14). The m e a -  
s u r e m e n t  e r r o r  d id  not  e x c e e d  5% of the m e a s u r e d  t e m p e r a t u r e  d i f f e r e n c e .  

The t e s t  was  c a r r i e d  out in a i r  a t  e x p a n s i o n  r a t i o s  of ~r = 2 -4 .  The  r e s u l t s  a r e  t h e r e f o r e  p r e s e n t e d  
in d i m e n s i o n l e s s  f o r m  a s  the func t ions  ~?t = f(d, 7, fl) and ~e = f(d, 7, fl) .  The m a g n i t u d e  of the  t h r o t t l i n g  e f -  
f e c t  in the i n v e s t i g a t e d  r a n g e  of  p r e s s u r e s  (P1 = 9.8" 104-29.4 �9 104 N / m  2) need  not  be t a k e n  into c o n s i d e r a -  
t i on ,  s i n c e  i t  is  i n s i g n i f i c a n t .  

The E f f ec t  of the D i a p h r a g m  O r i f i c e  D i a m e t e r .  We note f r o m  n u m e r o u s  s t u d i e s  tha t  the d i a p h r a g m  
o r i f i c e  d i a m e t e r  e x e r t s  c o n s i d e r a b l e  in f luence  on the e n e r g y  and t e m p e r a t u r e  e f f i c i e n c y  of a v o r t e x  tube .  
The m a x i m u m  v a l u e s  of the  l a t t e r  in v o r t e x  coo l ing  un i t s  wi th  c on i c a l  hot ends  a r e  found at  v a r i o u s  d i a -  
p h r a g m  o r i f i c e  d i a m e t e r s ,  which  is  p r e c i s e l y  the c a s e  wi th  v o r t e x  coo l ing  un i t s  wi th  c y l i n d r i c a l  hot  ends  [1]. 
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Fig. i. Experimental installation: i)Venturi tubes; 2) 
cold-flow receiver; 3) interflow receiver; 4) hot-flow 

receiver; 5) regulating valve; 6) hot end of cooling unit; 

7) cold end of cooling unit; 8) coil; 9) diaphragm; i0) 

thermocouple; ii) manometer; 12) air dryer. 

The characteristics of the vortex cooling unit were constructed for various diaphragm diameters equal 

to 8, 9, I0, 11.6, 13, and 14 mm (d= 0.4, 0.45, 0.5, 0.58, 0.65, and 0.7, respectively). The taper angle of the 

hot end was 2.5 ~ while that of the cold end was 18 ~ with the latter 250 mm long. 

Figure 2 shows the maximum temperature and energy efficiency as a function of the diaphragm orifice 
diameter d. In the investigated range of 7r values the maximum value of the temperature efficiency is found 

for d = 0.45; the maximum value of ~/emax is found for d = 0.58. 

It should be borne in mind that the maximum value of ~/t shifts with an increase in the diaphragm diam- 

eter toward the larger values of p (from # = 0.25 to ~t = 0.43 with d increasing from 0.45 to 0.65). The pres- 
sure at the hot end (or ~rl) declines with increasing d. 

The presence of two optimum diaphragm orifice values for ~tmax and 77 e max is apparently explained 
by the fact that the cold axial current varies along the diameter in the nozzle cross section with a change 

in #. The diameter d = 0.45 evidently restricts the cold flow in the nozzle cross section when # = 0.25, 

while  d = 0.6 a c c o m p l i s h e s  the s a m e  when # = 0.7. It is e n t i r e l y  p o s s i b l e  that  the i n t e r n a l  cold flow, in 
t e r m s  of i ts  s t r u c t u r e ,  is a l so  n o n u n i f o r m ,  s ince  the va lues  of 7] t max  d i m i n i s h  with a r e duc t i on  in d < 0.45. 

Since the co ld- f low d i a m e t e r  for an op_timum va lue  of # = 0.25 is  d = 0.45 in the nozz le  c r o s s  s ec t ion ,  
when the d i a p h r a g m  d i a m e t e r  i n c r e a s e s  to d > 0.45, the cold axial  flow wi l l  be a c c o m p a n i e d  by an i n t e r -  
med i a t e  flow whose  t e m p e r a t u r e  is  h ighe r  than that of the axial  flow. As a r e s u l t ,  the m a x i m u m  va lue  of 
77 t d i m i n i s h e s  and sh i f t s  in the d i r e c t i o n  of l a r g e r  # v a l u e s  by the magn i tude  of the gas  flow ra te  f rom the 
i n t e r m e d i a t e  zone.  It should be a s s u m e d  that  for  each  value  of # the re  ex i s t s  a unique value  for the o r i f i ce  
d i a p h r a g m  d. F o r  p r a c t i c a l  p u r p o s e s ,  we need only two of the a b o v e - i n d i c a t e d  v a l u e s  of the d i a p h r a g m  
o r i f i c e .  

The Effect  of the Ho t -End  T a p e r  Angle .  To d e t e r m i n e  the effect  of the angle  of the ho t - end  t a pe r  on 
the t e m p e r a t u r e  and ene rgy  e f f i c i ency  of a v o r t e x  cool ing uni t ,  we c a r r i e d  out t e s t s  for  h o t - e n d  t a pe r  ang les  
of 7 = 1~ 2~ 3~ 4~ 5 ~ and a cons t an t  l ength  ( L / D  = 14) without  any addi t iona l  f i t t ings  at th i s  end.  The 
t ape r  angle  of the cold end was  fi = 20 ~ and d = 0.58. The heat  f r o m  the hot end of the cool ing uni t  was r e -  
moved  through f ree  convec t ion  and r a d i a t i o n .  The r e s u l t s  a re  shown in F ig .  3. 

The c u r v e s  show that  the m a x i m u m  value  for  the e n e r g y  and t e m p e r a t u r e  e f f ic iency  is found at a h o t -  
end t ape r  angle  of 7 = 3~ in the i nves t i ga t ed  r ange  of p r e s s u r e  r a t i o s  : 7r = 2, 3, and 4. This  can be exp la ined  
as fo l lows.  With an  i n c r e a s e  in 7 the c r o s s - s e c t i o n a l  f lowthrough a r e a  is e n l a r g e d ,  as a r e s u l t  of which the 
i n c r e a s e  in the gas v o l u m e  r e s u l t i n g  f r o m  the e leva ted  t e m p e r a t u r e  of the p e r i p h e r a l  flow is  offset .  The 
en t ry  of the p e r i p h e r a l  hot gas l a y e r s  into the cold co re  is thus r educed .  This  effect  is in a g r e e m e n t  with 
the r e s u l t s  of [2]. 

It should be bo rne  in m i n d  that  in a counte r f low vo r t ex  tube the hot p e r i p h e r a l  and ax ia l  cold flows 
move in opposite directions along the tube axis, and if the hot flow expands with motion along the axis, the 
cold flow is compelled to experience compression with motion toward the diaphragm or it must mix with 
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Fig .  2. 7}tmax and 77e max  vs  N a t  fl = 18~ 7 = 2.5~ 1) ~ t m a x ;  2) ~?e max ;  3) ;r = 2; 4) ~ = 3; 5) 7r = 4. 

F ig .  3. ~ t m a x  and % m a x  vs  7 at fi = 20~ d '=  0.58; o the rwi se  as in F ig .  2. 

F ig .  4. ~ t m a x  (d=  0.45) and ~ e m a x  (d=  0.58) at 7 = 3~ 1) 7r = 2; 2) 3; 3) 4. 

the peripheral hot flow, thus reducing efficiency at 7 > 3 ~ Probably, the expansion of the axial flow with 

an increase in 7 to 3 ~ has a considerably smaller effect than the expansion of the peripheral flow, and this 

leads to increased efficiency of the cooling unit. In this ease, it is doubtlessly the existence of such other 

factors affecting efficiency -as, for example, the change in the distribution of velocities, pressures, and 

temperatures - that when 7 > 3 ~ leads to a reduction in the efficiency of the cooling unit. A more detailed 

study of this question calls for the measuring of the gas parameters within the vortex tube. 

We should takenote of the fact that the values of 7r I diminish when # = eonst as 7 increases. When the 

taper angle changes from 1 to 3 ~ the relationship between 7r i and # can be expressed in the form of a straight 

line, and beginning with values of # = 0.8 when 7r = 4, the slope of the straight line undergoes a pronounced 
change, which demonstrates the existence of the two hydrodynamic flow regimes mentioned earlier in [3]. 

In the taper-angle range between 3 and 5 ~ the function ~r I = f(#) differs from the linear, although this 

function, with but slight error, could be expressed in the form of two straight-line segments. 

In general form, the function ~r i = f(#, 7) can be expressed by the following approximate relationship 

when g --- 0.8 and ~r = 4: 

h i=  (0.07 ~+0.34) ~-0 .07  ~-i- 1.52. 

This  r e l a t i o n s h i p  is va l id  when L / D  = 14, d = 0.58. 

F o r  va lues  of # > 0.8 the funct ion  ~r 1 = f(#, 7)  can  be e x p r e s s e d  in the fol lowing f o r m  (lr = 4): 

~ l=  ( -0 .42  7+3.15) U+0.35 7-0 .85.  

When ~r = 3 the va lues  of 7r 1 can  be d e t e r m i n e d  f r o m  the r e l a t i o n s h i p  

nl = (0.05 ~+0,12) ~t-0,05 7 +  1,42, 

where  ~ - 0.9, while for  ~r = 2 

~ =  (0.02 ~,+0.06) ~t--O.03 7§ 

where  p ~ 0.9, while the v a l u e s  of 7 should be e x p r e s s e d  in  d e g r e e s .  The dev ia t ion  of the e x p e r i m e n t a l  
po in ts  does not exceed  3%. 

The s tud ies  showed that  the t e s t  vo r t ex  tube ope ra t e s  e f f i c ien t ly  and s tab ly  without  any addi t iona l  
f i t t ings  at the hot end ( i .e . ,  a conic t h ro t t l e ,  a g r id ,  e tc . ) .  
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The Effect of the Cold-End Taper Angle. It is demonstrated in [3] that the installation of a diffuser 

at the cold end of the cooling unit (fl = 4 ~ and l = 500 mm) somewhat increases ~?t and He. As follows from 

[i0], the tangential velocity component in the nozzle cross section is a substantial quantity relative to the 

axial component at a diameter of d = 0.5-0.6. 

We can assume without particular error that the cold flow in the cross section of the diaphragm ex- 

hibits the same twisting as in the nozzle cross section. The total pressure difference 7r = P0JP0c at our dis- 

disposal is divided into two parts. The first and primary part of the difference ~' = P01/Ph represents the 

gas expansion ratio in the vortex cooling unit, while the second part of the total difference ~" = Ph/P0c, i.e., 

the difference at the cold end of the vortex cooling unit, represents the losses at the cold end of the vortex 

cooling unit. Naturally, the efficient utilization of this second part of the overall difference leads to an in- 

crease in cooling-unit efficiency. 

However, the problem of an optimum taper angle fl has not been completely resolved in the above- 

cited reference, since in addition to the axial velocity component, the cold flow also involves a tangential 

component. This provided the impetus for the determination of the effect of fl on the efficiency of the cool- 

ing unit at a diaphragm orifice diameter close to the optimum (d = 0.58), and at cold-end lengths l/d = ii.2 

suitable for practical purposes. The studies were carried out at the thermally insulated hot end. The re- 

sults are shown in Fig. 4. As we can see from the curves, when d = 0.45 the maximum value of ~t is found 
in the range $ = 5-15 ~ and changes only slightly with increasing fi, which is apparently explained by the 

limited magnitude of the tangential velocity component at d = 0.45. The energy efficiency He when d = 0.45 

undergoes virtually no change with a change in ft. When d = 0.58 the value of He max varies with increasing 

p. The range fl = 10-15 ~ can be t~eated as the one that is optimum for the taper angle of the cold end for 

each of the values investigated. In conclusion, we note the following: 

i. The maximum value of the energy efficiency is found with d equal to approximately 0.6, while the 

maximum value for the temperature efficiency is found at d = 0.45 for all of the investigat_ed values of ~. 

The core of the cold flow in the nozzle cross section is nonuniform. With an increase in d the maximum 

value of ~?tmax shifts in the direction of larger values of ~. 

2. The optimum taper angle for the hot end (from which heat is removed by convection) is 3 ~ for the 

investigated range of 7r-values. This angle is optimum both for the maximum energy efficiency and the 

temperature efficiency. 

3. The values of 7r I decline as the taper angle of the hot end (T) increases and as the diaphragm orifice 

diameter (d) increases. 

4. The optimum taper angle of the cold end, to achieve ~emax when d = 0.58 is fl = 10-15 ~ When 

= 0.45 the effect of the cold-end taper angle within the investigated range is only slight with respect to the 

efficiency of the cooling unit. 

5. A change in the taper angle of the cold end has no effect on the values of ~i. 

Pol  a n d  Tol 

At  e = Tol - Toc 

Poc  a n d  Toc 

Poh  a n d  Toh 

At  s 
k 

# 

~?t = A t c / A t  s 

= P o l / P o c  

~I = Poh/Poc 

d 
D 
d- = d / D  

NOTATION 

are, respectively, the pressure and temperature of the stagnated flow at the inlet to the 
cooling unit ; 

is the gas temperature difference across the cold end of the vortex tubes ; 

are, respectively, the pressure and temperature of the stagnated flow at the cold end of 
the cooling unit; 

are, respectively, the pressure and temperature of the stagnated flow at the hot end of 
the cooling unit; 

is the isentropic temperature drop, equal to T01[I - (i/~r)( k- l)/k]; 
~s the 

is the 

i s  the  

~s t he  

~s the  

~s the  

~s t he  

~s t he  

i s  the  

adiabatic exponent which, for air, is equal to 1.4; 

weight fraction of the cold flow; 

temperature efficiency of the vortex tube; 

gas expansion ratio at the cold end of the vortex tube; 
ratio of incomplete expansion at the hot end of the vortex tube ; 
hot-end taper angle of the vortex tube; 

diaphragm orifice diameter; 

hot-end diameter of the vortex tube, closest to the nozzle section; 
relative diaphragm orifice diameter; 

1 1 6 1  



L 
h and b 

is the length of the hot end of the vortex tube; 
a re ,  respect ively,  the height and width of the nozzle;  
is the relative nozzle a rea  equal to the nozzle a rea  as a rat io of the lateral  c ross - sec t iona l  area  
of the hot end, c losest  to the nozzle;  
is the taper angle of the cold end; 
is the length of the cold end. 
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