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I N T E R A C T I O N  B E T W E E N  T U R B U L E N T  B O U N D A R Y  L A Y E R S  

IN A R I G H T  D I H E D R A L  C O R N E R  

V. I .  K o r n i l o v  and  A . M .  K h a r i t o n o v  UDC 532.526.4 

The interaction between two adjacent turbulent boundary layers which occurs in longitudinal flow over 
intersecting surfaces pertains to complex forms of viscous flow. Such flow is very often encountered in prac-  
tice, for instance, at the joints between individual parts  of aircraf t ,  in flow around cress-shaped and V-shaped 
wings, etc. However, in spite of its practical  importance, the nature of viscous interaction in corner  configura- 
tions has not yet been investigated experimentally to. a sufficient extent. As a rule, no allowance is made for 
the three-dimensional nature of corner  flow in theoretical  investigations, and, therefore,  the results a re  in 
poor agreement with experimental data. 

The present  article is concerned with an experimental  investigation of the integral character is t ics  of the 
boundary layer,  determination of the extent of the interaction zone for different Reynolds numbers, and a study 
of the effect of the longitudinal p ressure  gradient. 

The experiments are performed in the low-turbulence T-324 aerodynamic tunnel at the Institute of 
Theoretical  and Applied Mechanics, Siberian Branch, Academy of Sciences of the USSR [1], using a right dihe- 
d ra l s imula to r  (Figo 1), Take-off openings, 3, with a diameter  of 0.5 mm are provided on both sides 1 for 
measuring the static pressure .  Both the fore and aft parts  of the dihedral sides have a semielliptical shape 
with a 1 : 12 ratio of the semiaxes.  The static pressure  along the length of the simulator is varied by means of 
two rear -end  flaps, 2. A clear-plast ic  dummy wall, 4, is mounted in the working section of the aerodynamic 
tunnel in order  to ensure the assigned longitudinal p ressure  gradient at the surface of the simulator. The 
pressure  gradient var ies  according to the degree to which the operating section is blocked, while the gradient 
sign is determined by the shape of the contour of the operating section artifically created by the dummy wail. 
Both positive and negative static p ressure  gradients d~/dx (~'= (p-pco)/qr is the pressure  coefficient) can there-  
by be created at the simulator surface.  

The experiments are performed at unperturbed flow velocities from 10 to 52 m/sec, which corresponds 
to individual Reynolds numbers Re 1 = (0.7-3.2) �9 106 m -1. A well-developed turbulent boundary layer ~s pro-  
duced by means of a turbulence generator  consisting of coarse-grained emery  paper 10 mm wide, which is 
pasted on along the spread of the corner  at a distance of 10 mm from the leading edge. 

The total and the static pressures  and the direction of the velocity vector in the boundary layer are mea- 
sured by means of miniature pneumatic tubes, 5, the geometric character is t ics  of which are shown in Fig. 1. 
Special calibration checks have shown that, with an accuracy to 1%, the flat and the cylindrical tubes are not 
sensitive to downwashes to up to 9 ~ and 22 ~ respectively.  Similar calibrations have also been performed in 
the investigated velocity range for a double-barrel led pneumatic tube, which is used for determining the direc-  
tion of the velocity vector  in the boundary layer of the dihedral corner .  The thus obtained data on the down- 
wash angles in two mutually perpendicular planes and the knowledge of the longitudinal velocity component 
make it possible to determine the t ransverse  velocity component. 

In order  to verify the hypothesis concerning the constancy of static pressure  across the boundary layer,  
we measured the Static p ressure  profiles by means of a special microtube, which was also calibrated before ,  
hand. The results of these experiments have shown that the maximum change in static p ressure  along the 
height of the boundary layer  occurs in the bisecting plane and is equal to *0.007qoo. Allowance for this degree 
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of s ta t ic  p r e s s u r e  instabili ty a l te rs  the integral  cha rac te r i s t i c s  of the boundary layer  by less  than 0.7~ The re -  
fore ,  the s ta t ic  p r e s s u r e  var ia t ion  was neglected.  

Es t imates  based on data f r om many exper iments  indicate that the re la t ive  random e r r o r s  in measur ing 
the cha rac t e r i s t i c s  5* and 6"* ,  calculated with respec t  to the longitudinal veloci ty component in the boundary 
layer ,  do not exceed 0.2%. Neglect  of the t r a n s v e r s e  component may produce an additional e r r o r  of approxi-  
mate ly  0.5%. 

Figure  2 (points 1-3, respect ively)  provides  the re la t ive  values of the boundary- layer  thickness 6J52, 
the d isp lacement  thickness 60"/5~, and the momentum loss thickness 6~ */5*2* (the subscr ipt  0 per ta ins  to the 
boundary - l aye r  cha rac t e r i s t i c s  in the bisect ing plane of the dihedral  corner  Yl =zl =0, while the subscr ipt  2 
per ta ins  to the cha rac t e r i s t i c s  at a distance f rom this plane where viscous interaction vanishes) as functions 
of the Re x number ,  calculated with r e spec t  to the unper turbed flow p a r a m e t e r s  and the effective distance x 
f rom the beginning of the turbulent  boundary layer .  The data given for Rex~- 1.72 �9 106 have been obtained by 
means of both a pneumatic  tube and a 55D00 cooling-power anemometer ,  manufactured by the DISA company. 
The deviations of these values fall within the l imits of exper imenta l  e r r o r .  In the region where viscous in- 
te rac t ion  is absent,  the exper imenta l  data are in good agreement  with the resu l t s  of numer ica l  calculations,  
pe r fo rmed  according to the method descr ibed  in [2]. For  instance, the mean deviation of 5~*, calculated by 
means of the express ion  

A62 --~ 5 xp --62tlleor. 100 %, 

theor 62 theor 

does not exceed  2.4~/0. 

Figure  2 also provides  the exper imenta l  data on 6o/5 ~ , obtained in [31 (solid c i rc les ) .  The resu l t s  ob- 
tained in di f ferent  exper iments  are in sa t i s fac tory  mutual agreement ;  they can be approximated with a sufficient 
degree  of accuracy  by the express ion  (dashed curve in Fig. 2) 

6o/6~ == C(Re.,,) -n, 

where C =5.15 and n=O.08 are empi r ica l  constants.  

337 



! i 

! : o ~ .  
; t I }i ~t ~ : A ~  

I ! , 
t i j 

%0 1,5 2,0 2~5 3,0 tog yu ,  
r 

Fig. 3 

I ! i 

F" 4.o ; ~ 
o o i . ~  t 

i ~ .--4 
i' ,i o Re x =1, 72"I06"t 

i ,~ 1,48"70~! 
i "~ 1,8'2"I0~[ 

O, 2 i i "  , "40"t06l 

�9 I [ 
0 " IC 20 30 40 z,, mm 

Fig. 4 

Consider ing the above dependences,  we see that,  in the investigated range of  Re x numbers ,  the integral  
cha rac t e r i s t i c s  of  the boundary layer  in the bisect ing plane of the coupled sur faces  exceed by a factor  of 1.6- 
2.5 the cor responding  values outside the interact ion region.  The la t te r  values,  however ,  increase  at a h igher  
ra te  along the s imula tor  length. This is why a sl ight reduct ion in the re la t ive  values 50/62, 6~/5~, and 6~/5~* 
is observed  with an increase  in the Reynolds number .  

F igure  3 shows, for  d~/dx = 0, s eve ra l  exper imenta l  ve loci ty  prof i les ,  measu red  outside the zone of in ter -  
action between the boundary l ayers  (the upper  group of points) and plotted in the fo rm of the wall law: 

- -  I( lg ~), 

where  s = u/u~; ~i = (y,w~)/v; u, = V%./p -- u6 | / c ' ~ .  For  de te rmining  the local values of  the f r ic t ion coefficient  
eft, the integral  momentum relat ionship for a flat plate cf/2 =dS**/dx i s u s e d i n t h i s  case;  the der iva t ive  dS**/dx 
is de te rmined  graphical ly  with r e spec t  to the theore t ica l  curves  that average  the exper imenta l  values of  5~* (x). 
The d imensionless  veloci ty  prof i les  exp re s sed  in t e r m s  of the adopted var iab les  have l inear  sect ions ,  and, 
even for  z1~35~, they are  in sa t i s fac tory  agreement  with the well-known relat ionship u/u~- =A log (yuT/v) -~B, 
which holds for  a f lat  plate in incompress ib le  flow [curve I in Fig. 3; zl-~ 60 ram; 3-6) x =890; 700; 540; 350 mm, 
respect ive ly] .  

It should be noted that,  if the var iable  dynamic veloci ty  u T (z l) in the vicini ty of the co rne r  line is used as 
the scale  value,  the veloci ty  dis tr ibut ion in the bisect ing plane (the lower group of points) can also be approxi-  
mated with sa t i s fac to ry  accuracy  by a s imi la r  dependence,  using, however ,  different  values of the coefficients 
A and B (A =8.12; B= - 1 . 3 8 ,  curve 2 in Fig. 3; Yi =z l=0) .  It is impossible to use the integral  momentum r e -  
lationship for  de termining the value of cf because of the th ree -d imens iona l  nature of the flow in the interact ion 
zone. At the same t ime,  a p re l imina ry  es t imate  of the exper imenta l  values of cf outside the interact ion zone, 
based on the veloci ty  gradient  nea r  the wall, has shown sa t i s fac tory  agreement  with the resu l t s  obtained f rom 
the integral  momentum relat ionship and by numer ica l  calculations based on the method descr ibed  in [2]. 
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A s imi lar  approach to the determinat ion of the frict ion coefficient is also used for the interaction region. 
These data for two t r ansve r se  c ros s  sections of the s imulator  are  given in Fig. 4 for d~/dx = 0 in the form of 
the relationship cf/cf =f(zi) (open c i rc les) .  For  comparison,  there  are also shown the resul ts  f rom [3], where 

2 
the value of cf was measured  di rec t ly  by means of Pres ton  sensors  (solid circles) .  Allowing for certain dif- 
ferences  in the experimental  conditions, it can be said that these data are in sa t i s fac tory  mutual agreement.  
It is evident that, in approaching the line of intersect ion between the surfaces  (yl--zl =0), the local friction co- 
efficient gradual ly diminishes f rom the value of of 2 on a fiat plate to a value approaching zero  in the bisecting 
plane. It is noteworthy that there is a local minimum of the relationship cf/cf.(z i) located at a distance of 
N12-15 mm f rom the intersect ion between the surfaces ,  which corresponds  to ~ z l ~  (0.8-1.0)5 2, It can be assumed 
that this is ccnnected with vortex flow in the vicinity of the bisecting plane, the extent of which in the t r ans -  
ve r se  c ross  section increases  with distance f rom the leading edge. 

339 



l%1"t2 1 I 

1 i 
j :  I 

21 = 

I I I i !,, Our data 0[4] 015] ,[6] a[3] v [7] 
l J I f l "  
-~ll~l~L]l 11 I I I  i i i i i  I 1 . 1 1 1  I I I 

I 1 1 ~ 5  I I I I I  I l l l  I I I I  

I l l ] i  I l l [ I  I t i l l  l i i i  I 
0,5 2 J 4 5 10 Rez.10 -6 

Fig. 6 

' 

i 
-1,4 -1,2 -0,4. -0,2 0 . ,0,2 

dp/dx, m ~-41 

Fig. 7 

Thus ,  the ve loc i ty  dis t r ibut ion in the b isect ing plane and its neighborhood has  a c h a r a c t e r  d i f ferent  f r o m  
that  on a flat  plate  under  s i m i l a r  conditions.  Trans i t ion  f r o m  one flow fo rm to another  occurs  smoothly  within 
the defined zone, which is commonly  r e f e r r e d  to as the region of interact ion between boundary l aye r s .  The 
extent  of this region in the t r a n s v e r s e  d i rec t ion  h can be de te rmined  with r e s p e c t  to the veloci ty  dis t r ibut ion in 
the t r a n s v e r s e  sec t ion  of the co rne r .  A typ ica l  d is t r ibut ion of isotachs for  x = 890 m m  is  shown in Fig. 5, where  
curve  1 co r re sponds  to the ve loc i ty  ra t io  u/u6= 0.60; the o ther  curves  pe r ta in  to the following values  of this 
rat io:  2) 0.70; 3) 0.80; 4) 0.90; 5) 0.99. One not ices  that  the re  a re  two regions ,  in one of which the isotachs 
are  pa r a l l e l  to the side of  the co rne r ,  while they a re  cons ide rab ly  d i s to r t ed  in the o ther .  The dis tor t ion of 
isotach contours  is due to the p r e s ence  of a secondary  flow. In o r d e r  to invest igate  this flow, we have p e r -  
fo rmed  detai led m e a s u r e m e n t s  of  the ve loc i ty  p rof i l es  for  the t r a n s v e r s e  flow in the bisect ing plane as well  as 
at va r ious  d is tances  f r o m  it. The intensi t ies  and d i rec t ions  of  this flow are  indicated by a r rows  against  the 
background field of  the longitudinal ve loc i ty  component  (Fig. 5b). The pa t t e rn  revea led  is in ag reemen t  with 
e x p e r i m e n t a l  data  f r o m  [3|. I t  is evident  that,  as a r e su l t  of in teract ion between turbulent  boundary l ay e r s ,  the 
t r a n s v e r s e  flow m c v e s  along the bisect ing plane toward  the co rne r  line, and f rom this line fu r the r  along the 
co rne r  side,  t he reby  fo rming  a c i rcula t ion  flow. T h e m a x i m u m  veloc i ty  of the t r a n s v e r s e  flow is equal  to 
0.025u5, which is r eached  in the b isect ing plane at a d i s t ance  of approx imate ly  40% of the bounda ry - l aye r  th ick-  
nes s .  

Pe r f ec t  s y m m e t r y  with r e s p e c t  to the b isec t ing  plane of the d ihedra l  co rne r  is obse rved  in the d i s t r ibu-  
t ion of  the longitudinal ve loci ty  component .  It can be a s sumed  that  such s y m m e t r y  also p reva i l s  for  the t r a n s -  
v e r s e  veloci ty  component .  This  means  that  two vo r t i c e s  ro ta t ing  in the opposi te  d i rec t ions  are  fo rmed  in the 
zone of in teract ion between the boundary l aye r s  on both s ides  of the b isec t ing  plane.  The re fo re ,  the d is tor t ion 
in the isotach dis t r ibut ion obse rved  in Fig. 5b is d i rec t ly  r e l a t ed  to the development  of these  vo r t i ce s .  Con- 
sequently,  qual i ta t ive information on the d i rec t ion and intensi ty of the t r a n s v e r s e  flow can be obtained with 
r e s p e c t  to the shape of the i sotachs .  

Le t  us analyze the behavior  of flow c h a r a c t e r i s t i c s  in the in teract ion region as the Reynolds number  Re x 
and the p r e s s u r e  gradient  d~-/dx va ry .  Exper imen t s  on the ef fec t  of the Reynolds number  were  p e r f o r m e d  in 
the range  o f  unper turbed  flow ve loc i t ies  f r o m  10 to 52 m/ sec .  F igure  5a, b shows only some of  the r e su l t s .  
Analys is  of  all  the avai lable data sugges ts  that,  in the invest igated ?ange of Re x numbers ,  the d i rec t ion  of t r a n s -  
v e r s e  flow r ema ins  constant ,  i .e. ,  the pa t t e rn  shown in Fig. 5b p e r s i s t s .  For  s m a l l e r  Re x numbers ,  the vor tex  
sp r eads ,  as it were ,  to a l a r g e r  a r e a  of  the t r a n s v e r s e  c r o s s  sect ion and also along the co rne r  side.  With an 
inc rease  in Rex, the vor tex  cont rac t s ,  while its rotat ion axis shif ts  toward the line of in te rsec t ion  between the 
su r face  s.  

The ~ o v e - m e n t i o n e d  va r i a t ions  in the sca le  and posi t ion of the vor tex  in the t r a n s v e r s e  sect ion of the 
co rne r  also influence cons iderab ly  the extent  of  the in teract ion zone, the re la t ive  magnitude of which is shown 
in Fig.  6 for  d~/dx = 0. This  f igure  also p rov ides  the e x p e r i m e n t a l  data  for  c o r n e r s  of  channels  with a square  
c r o s s  sect ion [4-7]. The value of h is defined as the d is tance  for  which the isotach u/u6= 0.99 devia tes  f r o m  

d i rec t ion  pa ra l l e l  to t h e w a l l .  The ve r t i c a l  l ines denote the e r r o r s  in de te rmin ing  this value of h/52 d imin-  
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ishes with an increase in Rex in a rather  wide range of Reynolds numbers, which vary by more than one order  
of magnitude. On the average, the extent of the interaction zone h amounts to approximately three boundary- 
layer thicknesses outside the interaction zone. 

Figure 5b, c also shows the distributions of the equal-velocity curves for different longitudinal static 
p ressure  gradients. These and other data indicate that the character is t ic  distortion of isotachs in the inter- 
action zone increases considerably with an increase in the pressure  gradient. This is connected with the in- 
creasing role of the secondary flow, which is more intensive for positive than for negative pressure  gradients. 
For this reason, the isotachs are distorted slightly for negative pressure  gradients (left-hand part  of Fig. 5c). 
The longitudinal p ressure  gradient exerts  a considerable influence on the integral character is t ics  of the bound- 
ary layer,  both inside and outside the interaction zone. For instance, the displacement thickness and the 
momentum loss thickness increase by a factor of approximately 2 with an increase in d[/dx under our condi- 
tions. Outside the interaction zone, the boundary-layer character is t ics ,  including the local friction coefficient, 
are in sat isfactory agreement with the numerical values obtained by means of the method described in [2]. 
The maximum deviation of the experimental  values of cf determined by means of the expression used in [8] 
from the theoretical  values does not excees 3%. 

The relative extent of the interaction zone h~52 as a function of the longitudinal pressure  gradient for 
Rex~- 1.72 �9 10 ~ is shown in Fig. 7. The vert ical  lines on the diagram denote the e r r o r  in determining this 
quantity. The extent of the interaction zone increases with dl~/dx, while a positive pressure  gradient exerts a 
greater  influence. This can be explained by the more intensive development of secondary flow. The values of 
h~2, obtained with a dummy wall and by varying the angle of attack of the simulator (solid and open circles,  
respectively),  are approximated by means of a single relationship, h/52 =f(d~/dx). 

The authors are grateful to V. M. Shulemovich and V. N. Dolgov, who performed the numerical calcula- 
tions according to a special program, and to N. F. Polyakov for the useful discussions during preparation for 
the experiments.  
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