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The r e su l t s  a re  p resen ted  for  an exper imenta l  s tudy  of the ave rage  flow p a r a m e t e r s  in t h r e e -  
d imens iona l  turbulent  wakes  which f o r m  behind cyl inders  of finite elongation t r a n s v e r s e  to the 
flow and behind a c r o s s - s h a p e d  obs tac le .  

E x p e r i m e n t a l  data  on th ree -d imens iona l  turbulent wakes published e a r l i e r  have covered  the range of 
Reynolds number s  Re = (6.3-70) �9 103 [1, 2]. In the p re sen t  work the r e su l t s  of m e a s u r e m e n t s  of the a v e r -  
age p a r a m e t e r s  of the wake behind a cyl inder  of finite elongation t r a n s v e r s e  to the flow are  p resen ted  for  a 
wider  range  of Reynolds num ber s .  The range is broadened on the side of higher  values  up to those close 
to the c r i t i ca l  value (up to Re = 3.15 �9 10~). The effect  of the elongation of the cyl inder  on the average  
p a r a m e t e r s  of the th ree -d imens iona l  wake was studied.  Round cyl inders  having flat  ends and elongations 

= 5, 6.1, 8.4, 10, 13.1, and 22 were  used.  In addition, a study was made of the wake behind a cyl inder  
of elongation ~ = 8.4 having h e m i s p h e r i c a l  ends.  A case  of m o r e  complex th ree -d imens iona l  flow was also 
studied; the wake behind ~t c r o s s  consis t ing of two mutual ly  perpendicu la r ly  cros 's ing cyl inders  of the s a m e  
elongation h = 15, t r a n s v e r s e  to the flow. 

The s tudies  were  conducted in wind tunnels of the closed type with an open working sec t ion .  The 
cy l inders  (and the c ross )  were  r igidly fixed with guy wi res  at the en t rance  to the working sect ion of the 
tunnel pe rpend icu la r  to the impinging s t r e a m .  The blocking of the tunnel did not exceed 2% in any of the 
expe r imen t s :  The level  of turbulence of the impinging s t r e a m  was less  than 0.5%. 

The m e a s u r e m e n t s  of average  veloci t ies  were  made e i ther  with a c o n s t a n t - t e m p e r a t u r e  t h e r m o a n e m o -  
m e t e r  having monof i lament  p robes  or  with pi tot  tubes.  For  m e a s u r e m e n t s  in the wakes behind single cy-  
l inders  the t he rmoprobe  was mounted in the s t r e a m  so that i ts  f i lament  was pa ra l l e l  to the axis of the cy-  
l inder.  For  m e a s u r e m e n t s  in the wake behind the c r o s s  the probe was or iented  para l l e l  to the b i s ec to r  of 
the angle between the cyl inders ,  i,e., at a 45 ~ angle to the axis of each cyl inder .  The average  veloci ty  p r o -  
f i les in the fixed c r o s s  sec t ions  were  m e a s u r e d  both along the axes  of s y m m e t r y  y and z and along lines 
pa ra l l e l  to them (the d i rec t ions  of the coordinate  axes  a r e  indicated in Figs .  2 and 4). On the bas is  of 
these p rof i l es  l ines of equal ave rage  veloci t ies ,  i sotachs ,  were  cons t ruc ted  at the se lec ted  c ro s s  sec t ions  
of the wake. In addition, the t r a n s v e r s e  d imensions  of the wake were  es t imated  f r o m  the dis t r ibut ions  of 
ave rage  veloci ty  u(y) and u(z) along the axis of s y m m e t r y .  

As in the s tudies of flat  and axial ly s y m m e t r i c a l  je ts  and wakes [5], the width of the ave rage  veloci ty  
prof i le  cor responding  to half  the veloci ty  defect  at the axis was taken as the effect ive t r a n s v e r s e  d imen-  
s ion of the th ree -d imens iona l  wake.  Since a t h ree -d imens iona l  wake which f o r m s  behind a cyl inder  of 
finite elongation t r a n s v e r s e  to the flow has  two planes of s y m m e t r y  (xy and xz) each c ro s s  sec t ion  of such 
a wake is c h a r a c t e r i z e d  by two t r a n s v e r s e  dimensions ,  5y and 5z, de te rmined  by the prof i les  u(y) and 
u(z), r e spec t ive ly  (see the flow d i ag ram  in Fig. 2). 

The r e su l t s  of the expe r imen t s  showed f i r s t  of all  that  the na ture  of the th ree -d imens iona l  t u r b u l e n t  
wake is e ssen t i a l ly  unchanged In the ent i re  range of Reynolds number s  studied.  For  the Reynolds numbers  
7" 104 -< Re < 3.15 ~ 105 the th ree -d imens iona l  wakes behind cy l inders  of finite elongation develop in the 
s a m e  way as for  6.3 �9 103 <_ Re _< 7 �9 104. In all  ca ses  at a ce r t a in  dis tance downs t ream f rom the cyl inder  
the d imens ion  perpendicu la r  to the axis of the cyl inder  becomes  the l a r g e r  t r a n s v e r s e  d imension of the 
wake.  
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F i g .  1. Average velocity distr ibutions in c ro s s  sections of wake behind cylinder (X 
-- 5, Re = 3.15 "105): a) average velocity profi les:  1) ~(y); 2)"fi(z); b) isotachs.  Solid 
lines: x = 15; dashed l i n e s : x  = 5. 

Fig. 2. Variat ions in 5. (x) (a) and 5-z(X) (b) for  different A: 1) A = 22 (Re = 1.1.104); 
2) A = 13.1 (Re = 8.4. 105); 3) ~ = 10 (Re = 1.1 �9 10t); 4) A = 6.1 (Re = 4 .2 .10t) .  

The isotachs in two c ros s  se0tions of the wake behind a cyl inder  of elongation ~ = 5 and at Re = 3.15 
105 are  given as an example in Fig. 1. It is seen that the spreading of the wake in the plane of s y m m e t r y  

perpendicular  to the axis of the cyl inder  occurs  much fas te r  than in the plane of s y m m e t r y  passing through 
its axis. As a result ,  in c ro s s  sect ions of the wake distant f rom the axis of the cyl inder  by five or  more  
d iameters  the isotachs have close to an ell iptical shape with the major  axis perpendicular  to the axis of the 
cyl inder .  The charac te r i s t i c  average velocity profi les u(y) and u(z) in the corresponding c ross  sections of 
the wake are  also shown in Fig. 1. It should be noted that while at smal l  dis tances f rom the cylinder the 
veloci ty profiles have a dome-l ike shape charac te r i s t i c  for  fiat and axially symmet r i ca l  wakes, in more  
distant sections of the wake in both planes of s y m m e t r y  the velocity profiles take on a saddle-shaped ap- 
pearance .  In this section of the wake the region of the maximum average velocity defect is shifted away 
f rom the longitudinal x axis. Because of the nonuniform variat ion in velocity ac ross  the wake the isotachs 
corresponding to this sect ion of flow have a shape different f rom elliptical.  

In the ent ire  range of Reynolds numbers  examined (from Re = 6.3" 103 to Re = 3.15 �9 105) the wakes are  
charac te r i zed  by a nonuniform distribution of the average velocity of t r ansver se  flow. The region of the 
three-dimension~l  wake charac te r i zed  by a saddle-shaped distribution of average velocity in the c ross  s e c -  
tions is located c lose r  to the cyl inder  the sma l l e r  the elongation k. For  instance, in the wake behind a 
cyl inder  of elongation A = 6.1 (Re = 4.2 �9 104) this sect ion is at a distance-x _> 11, while in the wake behind a 
cyl inder  of elongation X = 22 (Re = 1.1 �9 104) it is at ~ _> 70. It should be mentioned that nonuniformity of the 
average velocity field of an analogous nature was observed in a study of three-d imensional  submerged jets 

[41. 

The c leares t  dependence of the extent of the sections of flow in which reorganizat ion of the th ree -d i -  
mensional  wakes occurs  on the elongation of the cyl inder  can be observed f rom the var iat ion along the longi- 
tudinal coordinate of the effective t r ansve r se  dimensions of the wake (Fig. 2). For  all values of the elonga- 
tion ~ examined the t r ansve r se  dimension of the wake in the plane of s y m m e t r y  perpendicular  to the axis 
of the cyl inder  constantly increases  along the entire flow. The t r ansver se  dimension of the wake in the 
plane of s y m m e t r y  passing through the axis of the cyl inder  var ies  little at the s ta r t  of the flow for small  
elongations (A = 5 and 6.1). For  elongations ~ _ 10 the effective t r ansve r se  dimension 5 z dec reases  
markedly  at the s ta r t  of the flow, i.e., narrowing of the wake occurs  in the xz plane of symmet ry .  As a 
result ,  the two t r ansve r se  dimensions become equal at some distance f rom the axis of the cylinder de te r -  
mined by the elongation X. The size of 5 z continues to decrease  somewhat, but s tar t ing with a cer ta in  
c ros s  sect ion of the wake fur ther  downst ream both effective t r ansve r se  dimensions increase  but at different 
rate s. 
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Fig. 3. Attenuation of t h ree -d imens iona l  wakes behind cyl inder  with 
f lat  ends__(a) and_ behind cyl inder  With h e m i s p h e r i c a l  ends (b): 1) ~ lm;  2) 

~ , ~ ; 3 )  6 y ; 4 ) 5  z .  

Fig.  4. Isotachs  in c r o s s  sect ions  of wake behind c r o s s :  a) ~ = 5; b) 
= 30: 1).~ = 0.5; 2) 0.75; 3) 0.9. 

Obviously, in the c r o s s  sect ion of the wake in which the two effect ive t r a n s v e r s e  d imensions  a re  equal 
the i so taeh  cor responding  to half  the veloci ty  defect  at the axis is c lose  to c i r cu l a r .  U p s t r e a m  f r o m  this 
c r o s s  sec t ion  it has  an e l l ip t ical  shape with the m a j o r  axis pa ra l l e l  to the axis of the cyl inder .  In the c ro s s  
sec t ions  of the wake lying downs t ream f rom the sect ion where  6y = 6 z the i so tach again takes  a shape c lose  
to e l l ip t ical  but with the m a j o r  axis pe rpend icu la r  to the axis  of the cy l inder .  It is c l ea r  that  the isotachs  
cor responding  to other average  veloci t ies  undergo analogous var ia t ions .  However ,  the lower the veloci ty  
cor responding  to the isotachs,  the c l o s e r  to the cyl inder  do they acquire a c i r cu l a r  shape.  For  example ,  
for  the wake behind a cyl inder  of elongation X = 22 the d is tances  along the flow f r o m  the axis of the  cyl inder  
to the c r o s s  sec t ions  where the t r a n s v e r s e  d imensions  of the wake are  equal in the two planes of s y m m e t r y  
a re  approx ima te ly  62, 54, and 46 d i a m e t e r s  for  one fourth, one half, and three  fourths of the ave rage  
ve loc i ty  defect ,  r e spec t ive ly .  Thus,  in observing  the reorgan iza t ion  of the th ree -d imens iona l  wake f r o m  
oval in c r o s s  sec t ion  with a m a j o r  axis pa ra l l e l  to the axis of the cyl inder  to oval with a m a j o r  axis p e r -  
pendicular  to the axis of the cyl inder  it is imposs ib le  to isola te  an in te rmedia te  region where the flow in 
the wake would be close to axial ly  s y m m e t r i c a l .  

As noted ea r l i e r ,  the extent of the region of a t h ree -d imens iona l  wake in which i ts  r eo rgan iza t ion  
occu r s  depends essen t i a l ly  on the elongation of the cyl inder .  If the dis tance T 0 = x0 /d  f r o m  the axis of the 
cyl inder  to the c r o s s  sect ion in which 5 v = 6 z is taken as the cha rac t e r i s t i c  length then f r o m  the resu l t s  
of the s tudies conducted one can obtain ~he following equation 

(for the range of Reynolds number s  Re = (0.63-3.13) -104 and the range of var ia t ion  of cyl inder  elongation 
f r o m  5 to 22). 

The  elongation of the cyl inder  not only de t e rmines  the extent of the s epa ra t e  c h a r a c t e r i s t i c  regions  
of the th ree -d imens iona l  flow but a lso  affects  the nature  of the at tenuation of the wake. The attenuation of 
t h r ee -d imens iona l  wakes was obse rved  f rom the dis t r ibut ion along the flow of the d imens ion less  ave rage  
veloci ty  defect .  It was found that the th ree -d imens iona l  wake dies  out f as te r ,  the tess  elongated the cyl in-  
de r .  

The p r o p e r t i e s  of the  th ree -d imens iona l  wake mentioned above are  c h a r a c t e r i s t i c  both for  the wakes 
behind cyl inders  with f lat  ends and for  the wakes behind cy l inders  with h e m i s p h e r i c a l  ends.  As an i l l u s t r a -  
tion, the expe r imen ta l  data  on the p a r a m e t e r s  of the wakes behind two cyl inders  of the s ame  elongation X 
= 8.4 but with di f ferent  ends a re  p resen ted  in Fig.  3. It is seen  that even at sma l l  d i s tances  f r o m  the c y -  
l inders  the two wakes develop a lmos t  identical ly.  The var ia t ions  in the effect ive t r a n s v e r s e  d imensions  
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along the longitudinal coordinate  and the pa t t e rns  of at tenuation of the wake both in ave rage  veloci ty  and in 
i ts  longitudinal pulsat ion coincide in the two c a s e s .  

It mus t  be noted that the t h r ee -d imens iona l  wakes along the flow behind bodies of m o r e  compl ica ted  
configurat ion a re  de fo rmed  in an analogous way. Fo r  example ,  in studying the flow behind a c r o s s  f rom 
the va r ia t ion  in the shape of the i so tachs  in different  c r o s s  sect ions  of the wake it was found that in this 
case  there  is a tendency toward m o r e  rapid spread ing  of the wake in the d i rec t ion  of the b i s ec to r  of the 
angle between the axes  of the cy l inders  fo rming  the c r o s s  {Fig. 4). At la rge  enough d is tances  f r o m  the 
c r o s s  in the region of flow where the veloci ty  defects  a re  sma l l  the i so tachs  in the c r o s s  sec t ions  of the 
wake become a lmos t  c i rcu la r ,  i ,e. ,  along the s t r e a m  in the th ree -d imens iona l  wake behind a c r o s s  the flow 
is reorgan ized  into axial ly s y m m e t r i c a l  flow. 

In analyzing the expe r imen ta l  data  obtained ,on the p a r a m e t e r s  of t h ree -d imens iona l  wakes one can 
divide the wake behind a cy l inder  of finite elongation t r a n s v e r s e  to the flow into c h a r a c t e r i s t i c  regions,  as 
has  been done, for  example ,  in the s tudy of t h ree -d imens iona l  submerged  je ts  [3]. 

A zone of r e tu rn  flow f o r m s  in the immedia te  vicini ty  behind the cyl inder .  Its extent along the flow 
and along the span of the cyl inder  depends on the elongation of the cy l inder .  Fo r  example ,  while for  a cy -  
l inder  of infinite span the length of the zone of r e tu rn  cu r ren t s  is about 1.5 d i a m e t e r s  [6], for  a cy l inder  
of elongation X = 5 this length r eaches  three  d i a m e t e r s  in the d i rec t ion  of the x axis [at Re = (7-31.5). 104]. 

Behind t h e z o n e  of r e t u rn  cu r r en t s  extends a sec t ion  of the wake in which the sp read ing  of the wake 
in the plane of s y m m e t r y  pe rpend icu la r  to the axis of the cyl inder  and i ts  cont rac t ion  in the plane of s y m -  
m e t r y  pass ing  through the axis of the cyl inder  occur  s imul taneous ly .  This  region of the flow can be a r b i -  
t r a r i l y  bounded by the c r o s s  sec t ion  s ta r t ing  with which both t r a n s v e r s e  d imensions  of the wake (Sy and 5z) 
i n c r e a s e  along the s t r e a m .  As the m e a s u r e m e n t s  showed (see Fig. 2), the extent of this region also de-  
pends on the elongation of the cy l inder .  

Fo r  la rge  cyl inder  elongations one can dis t inguish in this sec t ion  of the t h r ee -d imens iona l  wake a 
region of flow in the vicini ty  of the x axis which develops  a f te r  the fashion of a f lat  c lose  wake [6]. Here  
the ave rage  ve loc i ty  r e m a i n s  constant  along the z axis,  the veloci ty  prof i les  u{y} a re  s imi l a r ,  the t r a n s -  
v e r s e  component  of the pulsat ion ve loc i ty  exceeds  the longitudinal component  as in a flat  c lose wake, and 
a vor tex  s t r u c t u r e  s i m i l a r  to a Kfirm~n s t r e e t  is obse rved .  

The following third sect ion is c h a r a c t e r i z e d  by an i nc r ea se  along the flow of both t r a n s v e r s e  d imen-  
sions of the wake.  Here  5y > 5z, i.e., the l a r g e r  t r a n s v e r s e  d imension in this sec t ion  is perpendicu la r  to 
the axis of the cyl inder .  The va r ia t ion  in the ave rage  veloci ty  a c ro s s  the wake occurs  unevenly he re .  The 
region of m a x i m u m  veloci ty  defect  is shifted f r o m  the longitudinal axis of f low. .  The ave rage  veloci ty  p r o -  
f i les  u(y) and u(z) have a sadd le - shaped  fo rm.  

It can be a s sumed  that as in the at tenuation of t h r ee -d imens iona l  submerged  je ts  [3], f a r t he r  down- 
s t r e a m  the t h r ee -d imens iona l  wake is t r a n s f o r m e d  into axial ly  s y m m e t r i c a l  flow. However ,  it has  not yet  
been poss ib le  to conduct re l iable  m e a s u r e m e n t s  in this region in connection with the s t rong attenuation of 
t h ree -d imens iona l  wakes along the flow. 

N O T A T I O N  

A = l / d ;  

l is the cyl inder  length; 
d is the d i a m e t e r ;  

x is the longitudinal coordinate ;  
=x/d; 

y is the t r a n s v e r s e  coordinate  pe rpend icu la r  to axis of cyl inder ;  
~=y/d; 
z is the t r a n s v e r s e  coordinate  pa ra l l e l  to axis of cyl inder ;  

= z / d ;  
is the veloci ty  of impinging s t r e a m ;  

u5 u is the longitudinal component  of ave rage  veloci ty;  

= u / u  5 ; 
U m is the ve loc i ty  at axis of wake; 
Ulm = (uS-Um)/U 5 is the ve loc i ty  defect  at axis of wake; 
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_Sy = 5y/d  and 5z = 5 z / d  
x o = x o / d  

Re 

] ,  

2. 
3. 
4. 
5. 
6. 

are the effective transverse dimensions of wake; 
is the distance from axis of cylinder to cross  section where ~y 5z; 
is the Reynolds number; 
is the coefficient of kinematic viscosity; 
is the iatensity of turbulence, ~c. 
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