
MASS T R A N S F E R  F R O M  S U R F A C E  OF I N I T I A L ' S E C T I O N  

O F  W I N D  T U N N E L  I N T O  A P A R T I A L L Y  S W I R L E D  S T R E A M  

V .  K .  S h c h u k i r f ,  A .  A .  K h a l a t o v ,  
a n d  Y u .  F .  G o r t y s h e v  

UDC 532.72:532.529.5  

Mass  t r a n s f e r  into a par t i a l ly  swir led s t r e a m  f r o m  the sur face  of the init ial  sect ion of a wind 
tunnel is  studied exper imen ta l ly .  The exper imenta l  data fo r  a swi r l e r  with ~i = 45~ and blades  
twis ted accord ing  to the f r ee  vor t ex  law fo r  Gs /G $ = 0-0 .5  a r e  genera l ized  in the f o r m  of the 
c r i t e r i a l  equation (3). The dependence (10) is  p resen ted  which m a k e s  it poss ib le  to de t e rmine  
the effect  of pa r t i a l  swir l ing  of the s t r e a m  on the m a s s  t r a n s f e r  law. 

The swir l ing  of a s t r e a m  by blade s w i r l e r s  cons iderab ly  i m p r o v e s  the m a s s  output c h a r a c t e r i s t i c s ,  
but in some  ca se s  the excess ive  intensi ty  of s t r e a m  swir l ing in the en t rance  sect ion of the channel is  unde-  
s i r ab l e .  In th is  case  pa r t i a l  swir l ing of the s t r e a m ,  a d i ag ram of which is  p resen ted  in Fig ,  1, can be 
used  with high e f fec t iveness  to a l t e r  the m a s s  output re la t ionship  along the length of the channel.  

The s t r e a m  twisted by the swi r l e r  in t e rac t s  with the unswir led  s t r e a m  and par t ia l ly  expends i ts  
ene rgy  on swir l ing it, as  a r e su l t  of which it l o ses  m o m e n t u m .  Converse ly ,  the pe r iphe ra l  unswir led  
s t r e a m  acqu i res  a tangent ia l  veloci ty  component  and at a ce r ta in  dis tance f r o m  the en t rance  to the channel 
one can obtain motion with rota t ion in the en t i re  vo lume.  

By va ry ing  the ra t io  of flow r a t e s  of the unswir led  pa r t  of the s t r e a m  and i ts  swirled pa r t  through 
va r i a t ion  in the re la t ive  a r e a  of the slot (Fs = Fs /F tu )  one can regula te  the m a s s  output law within the 
des i red  l im i t s .  

The working sect ion on which the exper imen ta l  study of m a s s  output was conducted cons i s t s  of a shor t  
cyl indr ica l  tunnel 170 m m  long with an inner  d i ame te r  of 80 m m ,  constructed out of 1Khl8N9T s teel  of  low 
t h e r m a l  conductivi ty.  

The m a s s  output cons is t s  in the p r o c e s s  of evaporat ion f r o m  a thin liquid f i lm cover ing  the inner  
su r face  of the exper imen ta l  sect ion.  The t e m p e r a t u r e  of the f i lm was m e a s u r e d  with 11 N i c h r o m e - c o n -  
s tantan t he rmoc oup l e s  0.2 m m  in d i am e t e r  located in different  c r o s s  sect ions  on the inner  sur face  of the 
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Fig.  1. D iag ram  of ent rance  
a s s e m b l y  for  par t i a l  s w i r l i n g  
of s t r e a m .  

tunnel (in two control  sec t ions  t h r ee  the rmocoup les  each were  
mounted).  The a i r  t e m p e r a t u r e  at the ent rance  was measu red  with 
a movable  the rmocoup le .  The a i r  was heated to the ass igned t e m -  
p e r a t u r e  in a t h r ee - s ec t i on  e lec t r i c  hea t e r  with a power  of 36 kW. 

The un i fo rm continuous f i lm was produced by a specia l  d i s -  
t r i bu to r  with 126 openings 0.8 m m  in d i a m e t e r  and the u n e v a p o r a -  
ted pa r t  of the liquid was gathered in a co l lec to r .  The liquid sup-  
plied to the d i s t r ibu tor  was p r e l i m i n a r i l y  heated in a t h e r m o s t a t .  
The amount of liquid evaporated was de te rmined  as the d i f ference  
between the liquid supplied to the d i s t r ibu to r  (measured  by a r o t a -  
me te r )  and gathered by the co l lec tor  (weighed on an analyt ical  
balance) .  

A preconneoted section of va r i ab le  length was instal led b e -  
tween the working sect ion and the sw i r l e r  which made it poss ib le  
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Fig. 2. Dependence of log  uDj;.o23 sc0:   pip--Pvw)0.  i = 
= N on f(log Red) : a) Fs  = 0.2; b) F .  = 0.5 at~o i = 45", ~ = 1.0; 
c) exper imenta l  data on mass  ontpu~ into an axial s t r eam.  
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to  study the mass  output f rom the surface  of the working s e c t i o n a t  different  dis tances  f rom the swi r l e r .  
In o rde r  to exclude the effect  of the hydrodynamics  of the f i lm on the mass  output the exper imenta l  and 
p re l imina ry  sect ions had independent a r rangements  fo r  producing the f i lm and collecting the unevaporated 
par t  of the l iquid.  

A subsonic conical nozzle  with an exit d iamete r  of 60 mm was mounted at the exit f rom the working 
section to prevent  the inflow of a i r  into the exper imenta l  section f rom the surrounding medium.  A special  
bypass  assembly  constructed in accordance  with the diagram presented  in Fig.  1, which was mounted be -  
tween the r e c e i v e r  and the exper imenta l  section,  was used to produce the regulated par t ia l  swirling of the 
s t r eam.  To el iminate the nonuniformity in the velocity prof i les  of the axial and swirled s t r eams  the by-  
pass  section was assembled using special  technological  co l l a r s .  The position of the nozzle with the swi r le r  
re la t ive  to t:he channel axis was regulated by four  movable s c r ews .  Tes t s  which were  conducted for  a 
study of the s t ruc ture  of the i so thermal  s t r eam established that nonuniformity of the velocity field is p r a c -  
t ica l ly  absent in the channel beyond ~he bypass  sect ion.  A study of the s t r eam s t ruc ture  during total  swi r -  
ling [1] showed that the veloci ty field af ter  the swi r le r  is  also un i form.  The thickness of the edge sepa ra t -  
ing the main and swirled s t r eams  was made small  enough (about 0.5 mm) to prevent  vor tex  format ion .  The 
bypass assembly  with a set of inse r t s  and regulating co l la rs  makes  it possible  to  v a ry  the flow ra te  of the 
unswir led par t  of the gas in a broad range without changing the total  flow ra te  of the gas .  

The study was conducted on four  inser t s  with a rea  ra t ios  F s = 0 .1 ,  0.2,  0.3,  and 0.5.  

The bypass assembly  was p re l imina r i ly  cal ibrated to de te rmine  the flow ra te  of the unswirled par t  
of the gas .  We note that because  of spontaneous redis t r ibut ion of the quantity of gas passing through the 
bypass assembly  the ra t io  of flow ra tes  of the unswirled par t  of the gas (G s) to the total flow ra te  through 
the exper imenta l  section (G~) remains  pract ica l ly  constant in the range of Re d studied for  a specif ic  slot 
a rea  but essent ia l ly  depends on the value of F s.  

The p r og ram of exper iments  included a study of the effect of the Reynolds number  on the mass  ex-  
change with par t ia l  swirling of the s t r eam for  different  ra t ios  F-s and the effect of the re la t ive  distance of 
the working section f rom the swi r le r  (~ = x /d) .  
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Fig.  3. General izing dependence k.o^ = f (Gq/Gvi:  1) 
: 1, 2) 7_, 3) 11 at Fs  = 0; 4) _~ = lW,'5) 7, 6) l l~at  ? s  

= 0.2; 7) x = 1, 8) 7, 9) 11 at F s = 0.5; 10) ~ = 1, 11) 
7, 12) 11 at Fs  = 0.1; 13) x = 1, 14) 7, 15) 11 at ?s 
= 0 . 3 ; 7 f  = 4 5 ~  Fs  =0-0"5"  
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Fig. 4. Dependence St D *-f(Re~.~): 1) x = I; 2) 7; 3) 11 

a t ~  =45  ~ , Fs  = 0 . 3 -  

A blade swi r l e r  with an init ial  swir l  angle (at the su r face  of the tunnel) of ~9 i = 45 ~ and with blade p r o -  
f i l ing accord ing  to the f r ee  vor tex  law (w~or = const) was used in the  e x p e r i m e n t s .  

The study was conducted in the range  Re d = 1 . 2 6 - 1 0 4 - 1 . 2 . 1 0 5 f o r  th ree  x and four  slot s izes  (Fs) .  

In the t r e a t m e n t  of the exper imenta l  data the local  m a s s  exchange coefficient  was re la ted  to the di f -  
f e r ence  in the mean  in tegra l  pa r t i a l  p r e s s u r e s  of wa te r  vapor  at the su r face  of the f i lm and in the s t r e a m  

Y~ (Pw - -  Pve) 

In such a t r e a t m e n t  the local  va lues  of tip (for a tunnel 12 d i a m e t e r s  long) a r e  found a s  the a v e r a g e  
value of ~ fo r  the working sect ion (two d i a m e t e r s  long). 

The phys ica l  constants  in the local  number  Nu D = fld/Di2 (here/~ = fi~RvTw) were  calculated fo r  the 
a v e r a g e  a i r  t e m p e r a t u r e  in the tunnel,  while the number  Re d = w d / r  e was calculated f r o m  the mean flow 
r a t e  veloci ty  of the a i r  in the tunnel a f t e r  subtract ion of the veloci ty  of motion of the f i lm.  

Expe r imen ta l  data t r ea t ed  in th is  way for  the m a s s  output into a pa r t i a l ly  swir led s t r e a m  for  two 
slot s izes  (F s -- 0 .2 -0 .5 )  a r e  p resen ted  in Fig .  2. Expe r imen ta l  data on the m a s s  output into an axial  
s t r e a m  a r e  plotted with the symbol  X in the f igure  as  ca l ibra t ion  points .  The line 1 is  const ructed for  an 
axial  s t r e a m  f r o m  L. D. B e r m a n ' s  emp i r i ca l  dependence [2] co r r ec t ed  to the case  of the initial sect ion 
of the tunnel us ing  the coefficient  e e [3]. It  is  seen f r o m  Fig .  2 that  the exper imen ta l  ca l ibra t ion data a r e  
well descr ibed  by line 1. 

The excess  along the ordinate  of the exper imenta l  points above line 1 r e p r e s e n t s  the coefficient  of 
intensif icat ion of m a s s  t r a n s f e r  during par t ia l  swir l ing of the s t r e a m  kcA = NUDA/NUD0 (NUD0 is the Nu D 
n u m b e r  for  an axial  s t r e a m ) .  

With an i n c r e a s e  in the re la t ive  a r e a  of the slot the intensi ty  of m a s s  output d e c r e a s e s  and approaches  
the case  of an axial  s t r e a m ,  which is  explained by at tenuation of the swir l ing  because  of the i nc r ea se  in 

G s = Os /G  E. 

/,z z qo s s is~ 

F ig .  5. Deg ree  of in tensi f icat ion in 
m a s s  output law.  ~ = 45~ n = 1; 
Fs  = 0 - 0 . 5 .  

The effect of the Schmidt n u m b e r  and the t r a n s v e r s e  flow of 
ma t e r i a l  on the m a s s  output coefficient  i s  taken h e r e  just  as  in 
the case  of axial  flow as  Sc ~ and (p/p--pvw)~ r e spec t ive ly  [2]. 

We shotOd note that  for  all  the F s  and x studied the exponent 
on the number  Re d is equal to 0 .8 .  

The exper imenta l  data on k~.A as  a function of the re la t ive  
flow r a t e  of the unswir led  pa r t  of the  s t r e a m  (Gs) a r e  descr ibed  
with s a t i s f ac to ry  accu racy  (Fig.  3) by the equation: 

k~A = 1.77-- 1,1 Gs (2) 
�9 G ~  
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It  is seen f rom Fig.  3 that the intensification of mass  output into a par t ia l ly  swirled s t r eam d e c r e a s e s  
l inear ly  with an increase  in the p a r a m e t e r  G .  The bypassing, apar t  f rom the swir le r ,  of 50% of the total 
d ischarge  of a i r  through the exper imental  section leads t ea  dec rease  of 46%in the intensification of mas s  output. 

We note that the intensification of mass  output into a par t ia l ly  swirled s t r eam is a lmost  independent 
of the dimensionless  dis tance of the working section f ro m  the swi r le r  (x) and is descr ibed by Eq.  (2) in 
the ent i re  range of var ia t ion in x studied. 

Using the Coefficient koh  .of intensif icat ion of mass  t r an s f e r  all the exper imenta l  data for  the swi r le r  
in the range of Re,  F-s, and ~ studied a re  descr ibed  by a single dependence 

NUD = 0.023 kcA % Sc ~ \P ~ - ~ w  ! " (3) 

which desc r ibes  prac t ica l ly  all the  resu l t s  of the exper imenta l  study with an accuracy  of ~12%. Thus ,  Eq .  
(2) makes  it possible to  reduce  the data obtained to the conditions of an axial s t r eam.  

To br ing out the effect of par t ia l  swirling of the s t r eam on the mass  output law the exper imenta l  data 
w e r e  t rea ted  in the fo rm of the dependence St D ~ f(Re~*m). Here  

gdx 
s t y =  g ( 1 - z ~ )  ; Re~]m_ 0 

The resu l t s  of this  t r ea tmen t  for  the slot Fs  = 0.3 a re  r ep r e sen t ed  in Fig.  4.  The effect  of the 
Schmidt number  is taken as the same as in an axial s t r eam (Se~ 

The value r in Fig .  4 r e p r e s e n t s  a p a r a m e t e r  which takes  into account  the effect  of nonisothermy 
and extraneous  blowing on the mass  t r a n s f e r  law. It  is  calculated f rom an express ion  obtained in [4]: 

'P == 1 : E  7 V U 1 ,  v 

An equation for  the calculation of bc r  under  the corresponding conditions is  presented  in [4]. We 
note that for  the conditions of the exper iments  conducted the p a r a m e t e r  r had a value of the o rde r  of 0.9 - 
1.05 and that extraneous blowing had the  predominant  effect on it .  

The exper imen ta l  data for  Fs  = 0.3 can be general ized by the d ep en d en ce  

0:0346 
--- **0 319 0 75 SID Red.yi ~ S c .  ~ '  (5) 

which also re f lec t s  the conditions of ent ry  in addition to the effect of par t ia l  swirling of the s t r e am .  In the 
given exper imenta l  apparatus  the entrance assembly  is  a cone with an aper tu re  angle of 34 ~ The expe r i -  
ments  on an axial s t r eam showed that the conditions of entry can be taken into account by the coefficient  

1.89 
k- -  ~*.0069 , (6) 

Ked .m 

which ag rees  sa t i s fac tor i ly  with the corresponding resu l t s  on heat t r a n s f e r  [5, 6]. 

Since the coefficient  k is obtained in a compar ison  with a plate i t  includes the p roper t i e s  of the initial 
section of the tunnel connected with acce lera t ion  of the s t r e am .  

Line 1 in Fig.  4 is the standard law for  a plate [7 ] 

0.0128 { ~ ",o.25 

Taking the coefficient k into account ,  t heexces s  of the exper imenta l  points above line 1 r e p r e s e n t s  
the degree  of intensif icat ion in the mass  output law due to  the par t ia l  swirl ing of the s t r eam 

{ s i c  . 
~PA = \ Sto~-~-/Re: =idem " (8) 

Cl.m 
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The exper imenta l  data on g,~0Afor different  values of Fs  (Fig. 5) a re  sa t i s fac tor i ly  descr ibed  by the 
l i nea r  dependence 

~p~=1.84--1 .13 Gs . (9) 

Note that exper imenta l  points fo r  the cor responding  swi r l e r  with total swirl ing of the s t r eam (Gs/G~= 
= 0) a re  also plotted in Fig.  5. 

With al lowance for  ~bq~A prac t ica l ly  all the exper imenta l  data in the ranges  of ~, Re~* m and ffs i nves ,  
- -  $ ,  

t igated (x < 12, Re d . m  = 120-2500, F s = 0-0.5) a re  descr ibed  with an accuracy  of ~15% by a single depen-  
dence 

0.0128 (~t~ 1 ~ 
- -  . ( l o )  

Thus,  the following were  revealed  as a r e su l t  of the exper imental  study conducted: 

a) the effect  of the number  Re d and the re la t ive  flow ra te  Gs on the intensity of mass  output into a 
par t ia l ly  swir led s t r e am (~0i = 45 ~ n = 1); it is  established that k~0Ais prac t ica l ly  independent of the re la t ive  
di stance x'; 

b) the effect  of par t ia l  swirling of the s t r eam on the mass  output law. 
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N O T A T I O N  

blowing pa rame te r ;  
coefficient  of diffusion; 
surface  a rea  of evaporation; 
amount of liquid evaporated in working section; 
co r rec t ion  to initial section; 
molecu la r  weight; 
dynamic viscosi ty;  
enthalpy; 
diffusion Nusselt  number;  
un iversa l  gas constant; 
cu r ren t  radius;  
density; 
Reynolds number  based on thickness  of displaced mass;  
diffusion Stanton number;  

the heat capacity; 
the t empera tu re ;  
the re la t ive  concentrat ion;  
the kinematic  v iscos i ty .  

S u b s c r  

s 
tu 
w 
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i p t  

a r e  the 
a re  the 
a r e  the 
a r e  the 
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a re  the 

s a n d  S u p e r s c r i p t s  

slot p a r a m e t e r s ;  
tunnel p a r a m e t e r s ;  
conditions at wall; 
conditions in s t ream;  
vapor  p a r a m e t e r s ;  
p a r a m e t e r s  of par t ia l ly  swirled s t r e am .  
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