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C R O S S F L O W  D E V E L O P M E N T  IN THE B O U N D A R Y  L A Y E R  

D U R I N G  L O N G I T U D I N A L  F L O W  A R O U N D  A R I G H T  

D I H E D R A L  A N G L E  

V. I.  K o r n i l o v  a n d  A. M. K h a r i t o n o v  UDC 532.526 

Cases of the interaction of both laminar and turbulent boundary layers a re  real ized in the flow around 
angular configurations. Investigations [1, 2] executed ear l ie r  indicate that during the interaction of turbulent 
boundary layers in the neighborhood of a bisectorial  plane of a corner ,  crossflows in the form of counter- 
rotating vortex pairs develop. 

This paper is devoted to an experimental  investigation of the conditions for the origination and develop- 
ment of erossflows in the domain of boundary-layer interaction during the transition from the laminar to the 
turbulent state. 

The tests were performed in the low-turbulence T-324 wind tunnel of the Institute of Theoretical and 
Applied Mechanics of the Siberian Branch of the USSR Academy of Sciences [3] under conditions of gradient- 
free flow around a r ight dihedral angle model. The description of the model construction and the fundamental 
measurement  methodology a re  elucidated in [2]. The experiments were conducted at a mean s t ream velocity 
of u~ = 7.6 m/sec and a Reynolds number Re 1 ~ 0.53" 106, m -l ,  initial degree of turbulence ~ 0.03%, and zero 
radius of conjugation of the angle faces in the working section. A constant temperature thermoanemometer 
55D00 of the f i rm DISA in connection with a 55D10 l inearizer  was used as recording apparatus in measuring 
the longitudinal velocity component and its pulsations. A transducer with 0.65-ram-long and 3-pm-diameter  
Wollaston wire was used in the majority of tests ,  which assured a sufficiently low time constant r.  The working 
frequency band hence exceeded 40 kHz, All this permitted obtaining an acceptable resolution of the thermo- 
anemometer  system as a whole under the investigated conditions. The spectral  character is t ics  of the velocity 
pulsations were investigated by using a frequency analyzer of 2010 type of the f i rm of Br~iel and Kjer. The 
experience accumulated in the Institute of Theoretical  and Applied Mechanics and other organizations [4-9], 
was used in measuring the velocity pulsations with the thermoanemometer.  

The results of investigating the laminar- into-turbulentboundary-iayer  transitions daring the flow around 
a r ight dihedral angle at supersonic speeds [10] showed that the boundary layer in the bisectorial  plane becomes 
turbulent directly from the leading edge although laminar boundary layers are  real ized and interact on a ce r -  
tain section outside the domain of interaction on the faces of the angle. 

Novosibirsk. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 1, pp. 72-78, 
January-February ,  1979. Original art icle submitted February 13, 1978. 
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For  a more  detailed study of this c i r cumstance ,  measurements  were made of the distribution of rms  
veloci ty pulsations in the boundary l aye r ' s  severa l  sections during remova l  f rom the model leading edge. Such 
measurements  were executed both outside the domain of interact ion and in the b isec tor ia l  plane of the angle 

(Yl = z~). 

Prof i les  of the rms  pulsations of the longitudinal velocity component measured  in tile boundary layer  of 
the angle at  a spacing of z l - 6 2  mm f rom the line of intersect ion of the planes,  i.e., outside the interaction 
domain, are  represen ted  in Fig. 1 in the fo rm of the dependence 4"~T'/uh= f(y/5). Here u5 is the velocity on the 
outer boundary of the boundary layer ,  y is a coordinate directed ac ros s  the boundary layer in para:iiel to the 
b isec tor ia l  plane of the angle, 5 is the boundary layer thickness determined under the condition that u = 0.99 u6. 
Points 1-4 denote the spacing x f rom the model leading edge, which respec t ive ly  equals 389,500,  700 and 
890 mm. 

it is seen that the boundary layer  in the section x = 389 mm is laminar .  Indeed, in this case the level of 
the r m s  pulsations is ve ry  low and due mainly to noise in the e lectronic  equipment and to the specifics of its 
adjustment.  Moreover ,  the mean velocity profi le even agrees  sa t i s fac tor i ly  with the well-known Blasius theo- 
re t ica l  profile.  The magnitude of the pulsations grows with distance f rom the leading edge and reaches  the 
maximum value, whichis  about 14%, near  the wall. Es t imates  show that in this case the pulsation distribution 
over the height of the boundary layer differs insignificantly from. an analogous dependence, which is valid in the 
domain of developed turbulent f lat-plate flow. This indicates that under the conditions investigated the boundary 
layer  at  Rex~' 0.47" 106 is a lmost  in equilibrium. 

It  is cha rac te r i s t i c  that independently of the state of  the interacting boundary layer ,  the boundary layer in 
the b isec tor ia l  plane of the angle i tself  is a l ready turbulent for Rex~, 2- 105. This is indicated by Fig. 2 in 
which profiles of the r m s  pulsations of the longitudinal velocity component a re  represented  for yl ---" z 1 (the same 
notation as in Fig. 1). It is seen that the pulsation level is sufficiently high even in the f i r s t  section (x=389 ram) 
and is around 9% in the near wall flow domain. The quantity 4"~T/u6 var ies  insignificantly along the length of the 
model, which indicates a turbulent boundary layer state. This is also confirmed by the cha rac t e r  of the d i s -  
tr ibution of the ~power spec t rum density w function obtained in both the section x = 389 mm and at  higher values 
of the coordinate x. However, as the leading edge of the angle is approached,  the pulsation level is noticeably 
reduced,  and individual discrete  frequencies are  observed on the spec t rograms .  To c lar i fy  the reason  for this 
phenomenon, additional measurements  were made in order  to determine the location of the l amina r - to - tu rbu -  
lent t ransi t ion domain. They showed tha t  the turbulent boundary layer  in the b isector ia l  plane of the angle i s  
not established f rom the leading edge i tself  for Re I = 0.53 �9 10 ~, m- l ,  but a cer tain t ransi t ion zone exists (to Re x ~, 
1.7" 105 ) which is apparent ly due to  both the in tersect ion of the leading edges of the  faces executing the par t  of 
turbul izer ,  and to the nature of the boundary layer  interaction on the initial par t  of the model. Therefore ,  the 
oscil lat ions of a d iscre te  frequency observed in the spec t rograms  a re  evidently analogous to those which occur  
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in the pret ransi t ion and transi t ion domains of a plane boundary layer  [4]. This requ i res  a special study. The 
resul ts  presented here show convincingly that a turbulent boundary layer is rea l ized  in the neighborhood of the 
b isector ia l  plane during interaction of the laminar boundary layers  being developed on the faces of the angle, 
exactly as during the interact ion of turbulent boundary layers  downstream. Crossf lows in the fo rm of counter-  
rotat ing vor tex  pairs  a re  hence c lear ly  observed in the interaction domain which is broadened with the removal  
f rom the leading edge. 

A typical distribution of the isotachs (equal veloci ty lines) in the sections where laminar and a lmost  lami-  
nar boundary layers  interact ,  is presented in Fig. 3a (to the left of the section x = 389 ram, and to the r ight  of 

56 



4 
a �9 

- " , v  

0 

II 

% 

\ 
! I I I 

-o, o2 -o,o~ o -o ,o~  . - o ,  o2 -o, o t  

b 

-20  2 0 -  " 

- , 5  ~ s  - ~, 

-,o " U  

' * - (  T 

0 0~0I E~ V 

Fig. 4 

the section x=500 mm). Here the isotachs 1-4 correspond to the velocity rat io u/u6=0.5 ; 0.7; 0.9 and 0.99. 
The isotach contour in the neighborhood of the bisector ia l  plane is convex in these sections and the vortex 
rotat ion is towards the angular lines and f rom it to the external  flow. Conversely,  in the sections where the 
t ransi t ion and turbulent boundary layers  in teract  (Fig. 3b, to the left of the section x = 700 mm and to the r ight  
of the section x=890 mm), the isotach contour is concave, and the vortex rotat ion in the section is along the 
b isec tor ia l  plane to the angular line and f rom it along the span of the angle. The open c i rc les  denote data 
obtained by a penumatic probe,  and the dark c i rc les  by the thermoanemometer .  In all cases the isotachs out- 
side the domain of boundary layer interaction are  paral le l  to the faces of the angle, while as has been shown 
ea r l i e r  [2], the veloci ty profi le  is the same as in the flow around a flat plate. It can be assumed that the p ro -  
cess  of freezing the gas near an angular line plays a definite par t  in formation of the isotach contour. Never-  
theless ,  the final picture of the isotach distribution during laminar and turbulent boundary layer interaction is 
substantial ly different. Therefore ,  distort ion of the isotach contour is determined mainly by the occur r ing  
crossf lows.  It hence remains  unclear  how inversion of the ro ta t ion  of the vor t ices  being developed in the 
neighborhood of the bisector ia l  plane occurs  as the interacting laminar boundary layers  make the transi t ion 
into turbulent layers .  

In o rder  to c lar i fy  this c i rcumstance ,  profiles of the t r ansverse  velocity component were measured  in the 
b isec tor ia l  plane of the angle during the interact ion of both the laminar and turbulent boundary layers.  A p ro -  
file o f the component ~y = Uy/U 5, obtained during the interaction of developed turbulent flows, is shown in Fig. 4a. 
It is seen that the quantity ~y is negative in prac t ica l ly  the whole height of the layer.  This means that the c r o s s -  
flows in the b isec tor ia l  plane a re  directed f rom the outer boundary of the boundary layer towards the angular 
line. On the other hand, the profile of the t r ansve r se  component obtained during laminar boundary- layer  in ter-  
action (Fig. 4b) affords the foundation to. consider  that c ross  flows directed to the angular line and the outer 
boundary of the boundary layer  occur  in the b isector ia l  plane of the angle. Indeed, the t r ansve r se  component 
~y has both positive and negative values in this case.  It should be noted that this profi le is obtained with great  
e r ro r  because of the very  small  values of the t r ansve r se  velocity component (less than 3% of us) ,  and can be 
considered only for qualitative es t imates .  The probable data-spread band, shown in Fig. 4b, affords a founda- 
tion to assume that motion towards the angular line near the wall occurs  during laminar  boundary- layer  inter-  
action (x = 389 mm) together with the predominant  motion f rom the angular line to the upper half of the layer.  

Starting f rom the above, a scheme can be represented  for crossf tow development in the domain of boun- 
d a r y - l a y e r  interaction along the model length. Their direction is shown provisional ly by a r rows  in the back- 
ground of the equal-veloci ty  lines (see Figs .  3a and b). It is evident that not one but two or possibly even a 
grea te r  quantity of vor t ices  is rea l ized on each side of the b isector ia l  plane of the angle during laminar bound- 
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a r y - l a y e r  in terac t ion  (see Fig. 3a to the left). Indeed, taking into account  the s y m m e t r i c  nature  of the flow 
r e l a t i ve  to the b i sec to r i a l  plane of the angle ,  this la t ter  can provis iona l ly  be rep laced  by some solid boundary. 
Then it  is conceivable  that  the c ross f low directed approx imate ly  along the no rma l  to this boundary will a t tach 
to it and being sp read  to the outer  boundary of the boundary layer  and to the angular  line, will fo rm two counte r -  
ro ta t ing  vor t i ces .  The upper  vor t ex  is evident ly  p redominant  during l amina r  b o u n d a r y - l a y e r  interact ion,  
hence the cor responding  deformat ion  of the isotachs  toward the ex te rna l  f low.  The lower vor t ex  gradual ly  
i nc rea se s  with dis tance f r o m  the model  leading edge, and r ep l ace s  the upper  vor tex ,  which apparen t ly  vanishes  
in the long run  because  of the effects  of v iscous  diss ipat ion in the boundary layer  and the diminishing influence 
of the l aminar  sub layer .  For  x=890 m m  (see Fig. 3b to the right) jus t  one vo r t ex  is evidently rea l i zed  which 
has the d i rec t ion  of ro ta t ion  towards  the angular  line, as  is conf i rmed by the prof i le  of the t r a n s v e r s e  veloci ty  
component  in F ig .  4a. There fo re ,  the d i rec t ion  of vor t ex  ro ta t ion  during turbulent  bounda ry - l aye r  in teract ion 
is opposi te  to that  which was obse rved  during l amina r  b o u n d a r y - l a y e r  interact ion.  

The fea ture  noted is also ver i f ied  by the equal pulsat ion l ines of the longitudinal veloci ty  component  
v ~ u s = c o n s t ,  which a r e  p resen ted  on the left  and r ight ,  r e spec t ive ly ,  in Fig. 5. Curve 1 he re  co r r e sponds  
to the magnitude of the pulsat ion u ~ / u 6 = 0 . 0 1 ,  2) 0.03, 3) 0.06, 4) 0.074, 5) 0.08, 6) 0.10. It is seen that  depend- 
ing on the dis tance f r o m  the leading edge the lines of equal ve loc i ty  pulsat ions a r e  deformed,  as a r e  the i so -  
tachs ,  to e i ther  the outer  boundary of the boundary l ayer  (x=391 mm) or to the angular  line (x=897 mm),  
the reby  re f lec t ing  the c ros s f low speci f ics .  Moreover ,  the pulsat ion prof i les  a c r o s s  the boundary layer  a t  x = 
897 turn show that the i r  l eve l  in the b i s ec to r i a l  plane of the angle is substant ia l ly  below that outside the in teract ion 
domain. This is caused by the fact  that  a gas with a low degree  of turbulence is c a r r i e d  over  by the c r o s s -  
flows f r o m  the ex te rna l  flow towards  the angular  line. This la t te r  natura l ly  r e su l t s  in a reduct ion in the m a g -  
nitude of the pulsat ions in the plane of s y m m e t r y  of  the angle and conf i rms  the deduction that  the c r o s s  flows 
during turbulent  boundary layer  in terac t ion  a r e  di rected along the b i sec to r i a l  plane to the angular  line. 

The re fo re ,  it has been shown exper imen ta l ly  that  secondary  flows in the f o r m  of vor t i ces  with mutual ly 
opposing direct ions  of ro ta t ion  a r e  developed in the l aminar  bounda ry - l aye r  in teract ion domain in the flow 
around a r igh t  d ihedral  angle with zero  radius  of  conjugation of the faces .  Still another  pair  of vo r t i ces  with 
opposi te  di rect ion of ro ta t ion  is genera ted  in the neighborhood of the angular  line in addition to this p redominant  
e ross f low.  A smooth invers ion  of the d i rec t ion  of ro ta t ion  of the predominant  vor t ex  pa i r s  occu r s  as the in t e r -  
act ing l amina r  boundary l aye r s  make the t rans i t ion  into turbulent  l ayers  so that  the c ross f lows  in the zone of  
turbulent  b o u n d a r y - l a y e r  in teract ion a r e  d i rec ted  towards  the angular  line and f r o m  it along the span of the 
faces .  

The authors  a r e  gra tefu l  to N. F. Polyakov for his a s s i s t a n c e  in measur ing  the f requency spec t r a  of  the 
veloci ty  pulsa t ions .  
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T H E O R Y  OF A F L A T  S U B M E R G E D  J E T  O F  A 

L I Q U I D  W I T H  A P O W E R  R H E O L O G I C A L  L A W  

N O N - N E W T O N I A N  

K.  B.  P a v l o v  UDC 532.516 

The c h a r a c t e r  of the propagat ion  of shea r  pe r tu rba t ions  in non-Newtonian liquids with a power rheo log i -  
cal  law [1] 

~ir = 2 k  (fa$]ag)(n--l)12]~i (1) 

is e s sen t i a l ly  de te rmined  by the value of the exponent n in (1), where  ~ij is the deviator  of the s t r e s s  t ensor ;  
fij is the t ensor  of the deformat ion  r a t e s ;  k and n a r e  rheo log ica l  constants  of the medium.  With the t e r m i n o l -  
ogy adopted,  media  with n > 1 a r e  cal led dilatant ,  and with n < 1 they a re  cal led pseudoplas t ic ;  the ca se  n= 1 
co r r e sponds  to a Newtonian v iscous  liquid. It  is well  known that,  in di latant  l iquids, shear  pe r tu rba t ions  a r e  
p ropaga ted  with a finite r a t e ,  whe reas ,  in pseudoplas t ic  and Newtonian v iscous  l iquids,  the r a t e  of  propagat ion  
of per tu rba t ions  is infinite [2, 3]. As a r e s u l t  of this ,  there  is a finite th ickness  of the boundary layer  with 
l amina r  flow of a di latant  liquid pas t  a f lat  semi inf in i te  plate.  Actually,  the finite thickness of the boundary 
layer  in this case  is explained by the fac t  that the shear  pe r tu rba t ions ,  propagat ing  with a finite ve:[ocity, a r e  
c a r r i e d  along the flow and e m e r g e  to the su r face ,  at  which the layer  is fo rmed  only at  a finite dist~Lnce in the 
d i rec t ion  of its t r a n s v e r s e  coordinate .  The inexact  p ic ture  given in [4], unjust i f iably excluded the fact  of the 
finite thickness of  the boundary layer  in the case  of ~densifying n di latant  liquids with 1 < n < 2. At the s a m e  t ime,  
the finite th ickness  of the boundary layer  can be r i g o r o u s l y  shown in the case  of  any given di latant  liquid with 
a r b i t r a r y  values  of  n> 1. 

If, in di tatant  l iquids, the r a t e  of propagat ion  of shear  per tu rba t ions  is finite,  a f lat  l amina r  je t  i m m e r s e d  
in such liquids should have a finite th ickness ,  i .e . ,  a t  a finite dis tance f r o m  the axis  of  the je t  in the liquid 
there  is a su r face  y=yf f  (x) outside of which the longitudinal component  of the veloci ty  is equal  to ze ro  (see 
Fig. 1). This is connected with the fac t  that  the jet  br ings  into motion the liquid into which it  flows out; in 
addition to the longitudinal, the liquid has a t r a n s v e r s e  component  of  the veloci ty ,  d i rec ted  toward the axis of 
the jet. On the other  hand, the r a t e  of propagat ion  of  shear  per tu rba t ions  in di latant  l iquids,  connected with a 
change in the longitudinal component  of  the veloci ty ,  d e c r e a s e s  with an i n c r e a s e  in the dis tance f r o m  the source  
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