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The s t ruc ture  of an i so thermal  air  s t r eam twisted by a vane swi r le r  with a centra l  body 
mounted at the entrance to a tube is examined. The effect of the s t ruc tura l  pa rame te r s  
of the swi r le r  on the hydrodynamics  of the s t r eam is analyzed. 

The twisting of a stream is one effective means of hydrodynamic action on the stream for the purpose 
of intensifying the processes of heat and mass exchange taking place in channels of different profiles. The 
variety of the procedures for twisting and their constructive design [1] require an individual approach and 
a detailed study of the structure of the twisted stream which completely determines the effects indicated 
above. Moreover, it is impossible to conduct a theoretical analysis without knowing the structure of such 
a stream. 

We studied experimentally the features of the hydrodynamics of isothermal turbulent air streams, 
twisted by a var, e swirler with a central body, in the initial section of a tube in the range of Re d from 4.5 
104 to 1.5 �9 105. A diagram of the experimental apparatus, the structural parameters of the swirler, the 

method of conducting the experiments, and the initial data on the structure of a twisted stream are pre- 
sented in [2]. 

The experiments were conducted on straight and profiled vanes; the profiling made it possible to ob- 
tain a power function for the variation in construction angle of the vane at the exit from the swirler [2] 

t g ~ =  \ r / tgqs. 

It has been noted ea r l i e r  [2] that a zone of potential flow exists  outside the boundary layer  in which the 
tangential velocity component var ies  according to the function w g r  = A(x), while below the potential zone 
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Fig. 1. Variation in width of 
potential zone (a) and function 

(b) along length of tube: ~s 
=60 ~ , n=3;Re d =1.07"105; 

= 1.47 exp (-0.0345 x/d). 

the velocity profile w~ is sa t i s fac tor i ly  descr ibed  by a function of 
the type 

~'P = (2 rr ~m'~x ) k 
r~_  r2 " (]) 

~')r a x ~ ~ m a x  

The exper imental  data presented in Fig. 1 for one of the swi r -  
lers  show that with increas ing distance f rom the swi r le r  the width 
of the potential zone increases  while A(x) dec reases ,  

Let us examine in more  detail some relat ionships of the va r i a -  
tion in the tangential and axial velocity components in a twisted 
s t r eam.  

The tangential velocity var ies  in a curve with a maximum, and 
the radius of the surface of maximum velocity always lies inthe zone 
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Fig. 2. Variat ion in tangential velocity component.of motion over radius of channel as a func- 
tion of Re d (a), o f n  (b), and of es(c).  For  a: 1) Re d =1 .6 ,105;  2) 1.07.10~; 3) 4.51 -104; es  
= 45~ = 3; x /d  = 7; for b. 1) n = - 1 ;  2) 1; 3) 3; 4) s t ra ight  vanes; es  =45~ x / d  = 7; Re d = 1.07 
�9 1 0 5 ; f o r c )  n = 3 ; R e  d = 1 . 0 7 . 1 0 5 ; x / d = 7 .  we, m / s e c .  

TABLE 1. Values of A and B 

Coef- 
ficlent 

-. i 
= 45 ~, 

/'z~3 
= la ~ i r =60= 

Sn =3 [ n=a 

0,155 j 0.36 
0,005 . . . .  0,01 

0,52 
--0,023 

0,52 I 0,51 
--0,023 0,007 

i 

fl)S ~ 45~ 
straight 
vanes 

0,64 
0 

of rarefac t ion  (Fig. 2). The value of re_..,~, depends, weakly, on the twist angle es and the number  Re d and 
ve ry  essential ly on the exponent n in the ~ i s t  function. With an increase  in n at es  = idem the position of 
the maximum shifts c loser  to the wall of the tube. Consequently, n is one of the important  factors  affect-  
ing the position of the radius of maximum tangential velocity.  At the same t ime we note that with an in- 
c r ease  in es  (n = idem) the absolute value of Wemax increases  markedly  whereas it is almost  unchanged 
upon a change in n (es = idem). 

Since the se l f - s imi la r i ty  of the w e profile must  be p rese rved  for swir le rs  having the same values of 
r e m a x  one can conclude that the exponent k in Eq. (1) must  depend on n and very  weakly on Re d and es .  
Therefore  the values of k given in [2] for swi r le r s  with ~s = 15, 30, and 45 ~ (n = 3) differ little f rom one 
another.  It can be concluded f rom this that the values of k obtained can be used for  swi r le r s  having any 
value of es at a fixed value of n. 

The equation of the surface ~ e m a x  is sa t is factor i ly  approximated by the l inear  equation 

~max = A 4- B (x/d), (2) 

in which the values of A and B for  severa l  swir le rs  are presented in Table 1. 

Since rq~ma ~ ~ f(Red, es), the values of the coefficients A and B at a given n can be used for any Re d 
and any angle es  m the range of 15-45 ~ 

It must be noted that the radius of the surface at which wq~ ax is reached is not equivalent to the 
radius of the surface of ze ro  p re s su re  in a given c ross  section,  n~his must  be taken into account in ca l -  
culating the static p ressu re  distribution over the radius of the channel. 

Let us examine the relationships of the variat ion in the axial velocity component of the s t r eam.  At 
the exit f rom the swi r le r  the s t r eam is thrown out to the per iphery  of the channel by the centrifugal  effect, 
p ress ing  against the inner wall. There fore  the actual velocity w x at the wall (in the potential zone) con- 
s iderably exceeds the average flow rate velocity. For  a swi r le r  with e s = 60 ~ and n = 3 this excess is about 
37~c for  Re d = 4.4 "104 and 54% for Re d = 1.07 �9 105. This must  be taken into account in an analytical evalua-  
tion of the p rocesses  of heat and mass  t ransfer  in channels  with twisted s t r e a m s .  

A charac te r i s t i c  proper ty  of twisted s t r eams  in short  channels is the appearance of re turn  air  c u r -  
rents  f rom the surrounding atmosphere  at the end face.  The presence of a zone of re tu rn  flows leads to an 
additional increase  in the axial velocity component in the potential zone because of the decrease  in the 
s t ra ight - through c ross  section of the main s t r eam and the inflow of outside air .  These effects promote  

1432 



i 
f 

/0 

I / 
Return curren~ / 
- ~ " 1 . ~  ~ 

b 

n=O 

O,25 o 2 ~, r 

Fig. 3. Distr ibution over  radius of channel of axial velocity 
component of motion as a ftmction of n (a) and variat ion in 
axial veloci ty in axial zone (b). ~o s = 45~ x / d  = 7; for  a: Re d 
=1.07-10S;  for  b: Re d ~ 1 . 1 4 . 1 0 S ; n - - 1 .  Wx, m / s e c ; r ,  ram. 
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Fig. 4. Dependence of angle of twist of s t r eam along length and 
radius of tube: qa s ~ 60~ n = 3; Re d = 1.07 �9 105; 1) construct ion 
angle of twist at exit f rom vanes of swi r le r  (~0 = arc  tan (R/ r )3 tan  ~s); 
2) actual angle of twist; points: experimental  data (a) x / d  = 1; b) 3; c) 
5; d) 7; e) 9; f) 11). 

Fig. 5. Distr ibution of excess  static p r e s su re  over  radius of tube: 
1 ) f rom Eq. (5); 2) f rom Eq. (7); q~s = 45~ n = 0; x / d  = 5; Re d = 1.6 
�9 105. 

turbulizing of the s t r eam in the axial zone, the mixing zone, and the zone of potential flow. As the rmo-  
anemometr ic  studies show [3], the intensity of turbulent pulsations reaches  40~c in the axial region of a 
cyclonic chamber  into which re turn  cur ren t s  enter,  and 10% in the region of potential flow. 

The experimental  study showed that the width of the zone of re turn  cur rents  in the range studied de-  
pends weakly on the number  Re d but depends significantly on the exponent n. The maximum width for this 
zone was observed for swi r l e r s  with (Ps = 45~ despite the fact  that at ~s = 60~ the ra refac t ion  in the axial 
zone is g r ea t e r  than at ~s = 45~ The resul ts  of the measurement  of the velocity profile in the axial zone 
for one of the experiments  are  given in Fig. 3b. The maximum velocity of re tu rn  ftow is about 30~c of the 
veloci ty of d i rec t  flow in the potential zone.  

The solution obtained for cyclonic chambers  [4] enables one to determine the coordinate of the surface 
of ze ro  axial veloci ty f rom the equation 

(1 ~-/l~) ~ -  6~1 ~ -'- O. 

Its solution gives two roots,  ~? = 0.52 and ~ -- 1.93, but the second solution does not have meaning. Con- 
sequently, for cyclones the re turn  flow appears below the surface with radius r = 0.52 rq)ma x. Since r~0ma x 
essent ial ly  depends on the exponent n, with its increase  the zone of re turn  cur ren t s  must  expand, which is 
confirmed by direct  measurements  in s t r eams  twisted by vaned swi r le r s  (Fig. 3a). 
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To c la r i fy  the ro le  of the cen t ra l  body in the fo rma t ion  of ~ zone of r e tu rn  cu r r en t s  spec ia l  exp e r i -  
men t s  were  conducted with a s w i r l e r  in which the prof i led vanes  were  rep laced  by four  s t ra igh t  vanes  
mounted along the s t r e a m  in o rde r  to e l iminate  twisting.  Measu remen t s  of the s ta t ic  and total  p r e s s u r e s  
with the subsequent  calculat ion of the axial  veloci ty  showed that s l ight  d is tor t ion of the veloci ty  profi le ,  
r e semb l ing  the flow behind a poor ly  s t r eaml ined  body, occurs  in the initial  c r o s s  sec t ions  of the channel.  
Star t ing with x / d  = 5 the veloci ty  prof i le  is analogous to the prof i le  for  turbulent  flow in pipes .  

Let  us examine some  re la t ionships  of the va r ia t ion  in the angle of twist  of the s t r e a m  along the length 
of the pipe.  An analys is  of numerous  exper imen ta l  data  obtained for  all  the s w i r l e r s  studied showed that a 
cons iderab le  deviat ion exis ts  between the m e a s u r e d  angles of twist  of the s t r e a m  ove r  a c r o s s  sect ion of 
the channel f r o m  the angles of the vanes  of the s w i r l e r .  These  resu l t s  a r e  compared  in Fig. 4. It is s een  
that s a t i s f ac to ry  ag reemen t  is not observed  in the en t i re  region of var ia t ion  of ~ / r  This  can  be ex-  
plained, f i r s t ,  by the fact  that the s t r e a m  is not turned through the given angle q~ but through a somewhat  
s m a l l e r  angle because  of the l imited number  of vanes  in the swi r l e r ,  and second, by an inc rease  in the 
axial  ve loci ty  compared  with the veloci ty  at the exit  f r o m  the s w i r l e r  owing to the centr i fugal  effect .  An 
ana lys i s  of the expe r imen ta l  data  shows that this i nc rease  is about 14% for  a s w i r l e r  with q~s = 60~ and n 
= 3 (Re d = 1.07 �9 105) in the c r o s s  sec t ion  x / d  = 1. Both these fac to r s  contr ibute  to a d e c r e a s e  in the angle 
of twist  compa re d  with the cons t ruc t ion  angle at the exit  f rom the s w i r l e r .  

Since the re turn  cu r ren t s  develop when q > 90 ~ f o r  the r e su l t s  of the exper iment  p resen ted  in Fig. 4 
the radius  of the boundary of the zone of r e tu rn  cu r r en t s  is about 0.16R ( q / ~ s  > 1.5). 

Le t  us examine the case  of var ia t ion  in the angle of twist  of the s t r e a m  in the potential  zone for  a 
s w i r l e r  with ~s = 60~ and n = 3 (see Fig. lb) .  

The tangential  veloci ty  component  va r i e s  according to the re la t ion  

w~ = W.~aV-r ~ -  , 

where  

= 1.47 exp (--  0.0345x'd). 

have 
If it is a s sumed  that this equali ty is sa t i s f ied  when x / d  = 0 then at the exit  f r o m  the s w i r l e r  we will 

1.47 . tgr W~av 1.47 
w,~=W~a v 7 ' w=ex 7 

The cons t ruc t ion  angle at the exit  f r o m  the vanes  of the sw i r l e r  for  this case  has the fo rm 

tg~c- -  (~Rr)3.1.73. 

Then the lag in the angle of twist  behind the cons t ruc t ion  angle is de te rmined  by the equation 

arctg 1.47 ~av  
q0 O)xeX r 

The r e su l t s  of a calcula t ion f r o m  this equation a r e  p resen ted  in Fig. 4 (curve 2), f r o m  which it is 
seen  that the lag in the angle of twist  behind the cons t ruc t ion  angle is more  than 25%. 

In [5] it is suggested that the at tenuation of the twist  is accounted for  by the p a r a m e t e r  
M 

KR' 

which takes  the following fo rm for  the potential  zone with the condit ion that Wxp = eonst:  

q~ A(x) _ r ~gq~. 

wxpR R 
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For the conditions of the exper iment  presented in Fig. 1 the calculating equation is descr ibed by the 
e quality 

q) = 1.47 W~av exp (-- O.0345x/d). 
[Oxp 

The calculations made f rom this equation showed that the relat ive decrease  in # in the c ross  sections 
x / d  = 1 and x / d  = 11 is 29.1%. 

In conclusion, let us consider  the static p r e s su re  distribution ac ross  a twisted gas s t r eam based on 
the equation 

OP w 2 
: P ~ (3) 

Or r 

on the assumption that w r = 0 and ignoring the var ia t ion in gas density over the radius of the channel. 

Let us consider  the potential zone. in this zone w~o = A(x) / r ;  hence 

P = - -  A~!  + C 1, (4) 
2r 2 

with the constant C 1 being found to a f i r s t  approximation f rom the ze ro  static p r e s su re  at r = r z.  F rom 
this we have 

P =  A20 [ 1 - 2  r2z r 21 I . (5) 

This equation can be applied right up to the outer edge of the boundary layer .  

Below the surface  Ps t  = 0 the tangential velocity profile is descr ibed by Eq. (1), so that after inte-  
grat ion 

P - -  1 Po  --  2 2 dq'~ Co. 

This integral  is divided into quadratures  with values of 2k equal to 0, 1, 2, 3, etc. 

I f k  =1 Eq. 

(6) 

(6) takes the following form (the constant C 2 is found f rom the condition P = 0 at ~? = ~? z): 

~ = 4  1+,1~ l_ ;n  ~ - (7) 

If k ~ 1 then (6) is writ ten in the form of an infinite se r i e s  

~ = 2 2 , ~ { ( _  - 1.. ~ ( k - - m ) !  [ 1 

~2~0 

1 ] ] .  
(s) 

(1 + ;i~)~+.,j { 

The resul ts  of a calculation f rom Eqs.  (5) and (7) are  compared  in Fig. 5 for  a swir le r  with q~s = 45~ 
and n = 0 and for which the exponent k is close to unity (k = 0.975). The agreement  of the calculated and 
exper imental  resu l t s  is ra ther  good in a large par t  of the channel c ross  section.  The divergence of the 
resul ts  in the axial zone is ra ther  significant.  Apparently the tangential velocity profile cannot be approxi-  
mated b y E q .  (1) in this zone. 

A(x) 
d 
k and n 
l 
P 
R 
Re d -- Wxavd/v;  
r, q~, x 

N O T A T I O N  

is the function A - A(x)/WxavR; 
is the d iameter  of tube; 
are the exponents; 
is the length of tube; 
is the static p r e s su re ;  
is the radius of tube; 

are the cyl indr ical  coordinates;  
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r(Pma x 

~Om~x = r~Omax/R; 

= r / R ; ,  

rz 
rp 
Wxa v 
Wxe x 
W~max 

Wx, w~, w r 
Wxp 
77 = r / r ~ m a x ;  

Vz = r z / r  7'max; 
P 

Cs 
~c 

M 
K 

is the radius of surface of maximum tangential velocity; 

is the radius of surface of zero static pressure;  
is the radius of potential Zone; 
is the average flow rate velocity; 
is the axial velocity at exit from swirler; 
is the maximum tangential velocity; 

are the axial ,  tangential, and radial velocity components; 
is the axial velocity component in potential z one; 

is the density; 
is the kinematic viscosity; 
is the angle of twist of s tream; 
is the angle of twist of s tream at outer radius; 
is the construction angle of twist; 
is the moment of momentum; 
is the momentum. 
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