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Summary 

The presented experiment concerned an interaction between a normal shock wave, 
terminating a local supersonic area in a curved duct, and a turbulent boundary layer 
developed along the convex wall. This paper deals with the Reynolds number effect upon 
the interaction structure. 

The measurements included flow parameters distribution determination, boundary 
layer development through the interaction area and the shock wave topography visualiz- 
ation. In order to gain more information about separation the wall oil tracing has been 
applied. The comparison of our results with other published data is presented. 

1. Introduction 

Modern commercial  airplanes cruise with speeds tha t  exceed the "cri t ical" 

speed. This means limited supersonic  regions development  on the upper  side 

of the wings. The supersonic area is te rminated downst ream b y  a normal  shock 

wave tha t  interferes with the wall boundary  layer. I t  distorts the usually tur- 

bulent  boundary  layer. 
This region is of great  interest and concern to airplane designers as it is a 

source of drag, loss of lift, separation of the boundary  layer and buffeting (os- 
cillations of the shock wave causing serious oscillations of wings). 

One of the first publications,  dealing with the influence of the shock wave 

downst ream of a supersonic region on a convex wall, is due to Ackeret  et al. 
[1]. They  have investigated the boundary  layer determinat ion at the  interact ion 

region and found tha t  the  observed effects are a funct ion of the free s tream 

1 The experiments have been carried out at the Institut fiir Str6mungslehre und StrS- 
mungsmaschinen, Karlsruhe Universitiit, Karlsruhe, Federal Republic of Germany. 
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Much number upstream the shock wave. The characteristic Reynolds number 
for the interaction process is based on the undisturbed boundary layer thickness 
and the flow parameters at its outer edge. 

2. Theoretical Considerations 

The actual interest of airplane designers in the problem of shock wave- 
boundary layer interaction on the convex upper side of wings has accelerated 
the investigation of this flow field region. Two ways of approach are in use: 

(i) matching of the inviscid external flow field witl~ the inner viscous layer, 
which are calculated independently- 

(ii) the numerical solution of the complete Navier-Stokes equations. 

The first method is successful for not separating flows up to the incipient sepa- 
ration. The computer time used for this method of matching is relatively 
small [20], [21]. 

The experiments of Ackeret et al. [1] showed for the first time that  immedi- 
ately downstream the shock wave an afterexpansion can be observed. Oswatitsch 
and Zierep [23] confirmed theoretically an existance of the afterexpansion for 
an inviseid flow. The convex wall causes a logarithmic singularity at  the shock 
that  leads to the observed afterexpansion. For treating the viscous case, Bohning 
and Zierep [20] splitted the interaction region into three layers: 

(i) an outer inviscid transonic flow with a singularity (transonic nonlinear 
potential equation). 

(ii) a boundary layer outer region with compressibility and friction, introduced 
by means of the velocity profile, 

(iii) and a lowest layer at  the wall with full friction effects (Navier Stokes 
equation). 

The analysis has been done quantitatively for a number of conditions concerning 
the Mach number, Reynolds number and wall curvature up to the incipient 
separation. The increase of the Mach number rises the tendeucy of the flow 
to a shock induced separation. This model has been treated numerically by 
Koren and Bannink [21]. The numerical solution allows a large variety of the 
boundary layer flow parameters. 

Another theoretical approach to the normal shock wave-turbulent boundary 
layer interaction employs full Navier-Stokes equations. This is presented in 
[14], [16], [18], [22], [24]. Computer codes employing the l~avier-Stokes equations 
are attractive because they compute simultaneously viscous and inviscid flow 
fields. 

The used equations are time-dependent, mass-averaged for compressible 
flow. They are augmented by the equations associated with used turbulence 
model. 
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The obtained results are quite good for nonseparating interactions but are 
rather poor when separation occures. In  the last case an applied turbulence 

model has a significant effect on the obtained results. 
Developed computer codes provide a good tool for the interaction behaviour 

analysis. Good quanti tat ive results have been obtained for some particular 

CaSeS. 

3. Experiment 

A lot of research work has been already carried out dealing with detailed 
distribution of the flow parameters,  shock bifurcation topography, separation 
development and turbulence properties behaviour in the interaction area. Quite 
often they were performed in order to provide experimental information for 
verification of theoretical results. 

In  most of the reported experimental investigations shock waves were gen- 
erated on flat walls [2], [3], [4], [5], [6], [8]. Considered interaction however, 
takes place usually oi1 curved surfaces of airfoils, turbine blades and transonic 
intakes. Therefore our investigation is carried out on a curved wall with a boundary 
layer thickness-wall curvature ratio at  a magnitude corresponding to technical 
applications. A literature representation of curved wall cases is very limited 

and includes the experiments of Aekeret et al. [1] of 1946, Bohning and Zierep 
[20], Nebbeling [10] and some of Delery's experiments [7] should also be added 
up to this group. 

Our experimental arrangement has been set up so, that  it allows to investigate 
a turbulent boundary layer normal shock wave interaction on a convex wall 
with a possibility for a separate control of the Mach and the Reynolds number  
[9], [11], [12], [17]. 

The developed facility allows to investigate the interaction at a certain 
range of Reynolds number  Re~u and Mach number M. 

The presented paper  deals with the R e ~  effect on the interaction structure 
for a relatively high Mach number,  e.g. with a well developed )~-foot. The literature 
data concerning the influence of R e ~  at  constant M value are more reliable 
as it is much easier to keep M constant. Therefore this was our first step. I t  
should be emphasized however that  the available published data that  could 
be used for comparison are very limited and therefore the flat wall flow results 
are also refered to. Available, published curved wall flow measurements concern 
only single combinations of Re~  and M. 

The experimental investigation has been carried out in the transonic wind 
tunnel at the Ins t i tu t  fiir StrSmungslehre und StrSmungsmaschinen of the 
Karlsruhe University [9]. I t  is a short duration, suction type  wind tunnel. 

The test  section is presented in Fig. 1. 
The desired flow field is obtained in a curved duct which is 50 mm wide 

and about 150 m m  high. The local supersonic area is formed at the convex wall 

6 Acta Mech. 73/1-4 
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and is terminated by a normal shock wave that interacts with a turbulent bound- 

ary layer, developed on the convex wall. 

The stagnation parameters in our wind tunnel are equal to the ambient 

conditions. This eliminates these parameters as means of Reynolds number 

control. The characteristic Reynolds number for the interaction is based on 
the undisturbed boundary layer thickness 6=. This imposes the 6~ control as 

the only means of the Re~= variation. Several methods of 6= change have been 

tested [9], and the one selected for application is presented in Fig. 1. This is a 

step-slot arrangement. I t  allows to control the boundary layer thickness by a 

variable step height and by an additional stream bleeding through the slot. 

This paper concerns an investigation of a Reynolds number effect on the 

interaction at the highest Math number, obtainable in our test facility, it is 
Mw = 1.47. Mw is a maximum wall Math number value calculated from the 

wall static pressure and the stagnation pressure upstream of the interaction. 

I t  should be realised that this Math number value does not exist in the flow 

field. In the curved duct M decreases with an increasing distance from the 

convex wall. The duct curvature causes a static pressure gradient across the chan- 

nel, including the boundary layer. Regarding this, the Math number at the bound- 
ary layer is a little smaller than the ideal Mach number at the wall Mw. In the 

same flow field the Math number at the boundary layer edge is dependent on 

the boundary layer thickness 6. In  order to investigate the Re effect, the flow 

field must be the same for all eases. To secure this the wall Naeh number must 

be held constant over the whole investigation. 

The Reynolds number range is limited by the possible boundary layer thickness 

variation. Four eases of 6~ have been included. These are 6~ = 3.2; 5.6; 7.6; 
9.1 mm, what corresponds to Re~ = 5.5; 9.7; 13.1; 15.3 �9 104 respectively. 

For data reduction details the reader is refered to [17]. 

I I ' 
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Fig. 1. Test sect,ion arrangement 
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The wall static pressure distribution obtained from the four cases are assembled 
in :Fig. 2. :For the comparison purposes normalized coordinates are used. The 
static pressure is normalized with a minimum value of its distribution. The 
distance along the wall is normalized with an undisturbed boundary layer thick- 
ness. These distributions are set up together so that  the point x / ~  ~ 0 denotes 
the bifurcation point location. Thanks to this, it is indicated how f~r upstream 

of the main shock the pressure disturbance reaches along the wall. I t  has been 
noticed tha t  the disturbance penetrates much further upstream for lower 1~%~ 
values. In  accordance with this observation is the difference in the slope of a 

steep static pressure rise. 
I t  has been noticed by  Seddon [2] tha t  this rise is at  the beginning linear 

up to the "kink point"  where the decrease of the pressure gradient starts. The 
level of the kink pressure (Ps/Po)k increases with the R%= value increase. This 
tendency is also reported in [4]. 

The maximum slope of the static pressure distribution increases for the 

increasing Re~=, what is in agreement with [4], [16], [18]. The distance between 
the beginning of an interaction and the "kink point"  is called by  Seddon a 
"shock phase". The length of this phase normalized with 6~ decreases considerably 
with the increasing R e ~  in agreement with [4]. 

An example of a Schlieren picture of an investigated /low topography is 
presented in :Fig. 3. The flow direction on this picture is from left to right. The 
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Fig. 3. Schlieren picture of the flow M ~ 1.47; R%u ~ 5.5 �9 10 ~ 

most important detail is the shock wave. Starting from the upper rim of the 

photograph the transition of the sonic line to the normal shock is observed. 

The normal shock (called here the main shock) is curved a little and comes down 

to the bifurcation point, forming a 2~-foot. Downstream the bifurcation point 

one can observe a shade of the vortex sheet. This is due to the different total 

pressure drop in a normal shock and in the shock sequence. The first pressure 

disturbance at the wall forms a compression wave originating within the bound- 

ary layer, which builds up the front shock wave. This shock begins to have a 
noticable intensity in a distance from the wall. At the bifurcation point it is 
still embeded in a compression wave. 

The rear shock, below the bifurcation point bends downstream and then 

remains straight until the boundary layer is reached. This shock penetrates 
the boundary layer where it bends again to become normal to the wall. The 
rear shock is "s" shaped. 

The white zone along the convex wall indicates the boundary layer. The 

edge of the white zone could be roughly interpreted as the boundary layer edge. 
The compression at the ).-foot front branch has a very strong effect on the bound- 

ary layer. A very strong thickness increase takes place until the rear shock 
weakens this process. Large turbulent structures are generated. The boundary 
layer thickness increases still downstream of the shock but not as much as be- 
tween the A-foot shocks. 

One of the most important outputs from presented type of investigation is 
the/low parameter distribution in the interaction area. 

An example of the flow topography, based on iso-Mach number lines is 
presented in Fig. 4. These iso-Mach lines are constructed on nine or eight measure- 
ment traverses, whose locations are marked in the picture. In  all eases the shock 
topography is very similar. Upstream of the interaction the iso-Mach lines are 
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Fig. 4. t~'low topography, iso-Maeh lines 

closed. The reason for this is that  upstream of the shock wave the Math number 

increases towards the shock and towards the convex wall. On the other side 

in the vicinity of the 2-foot front shock M decreases towards the shock and within 
the boundary layer 21I decreases towards the wall. This results in a Maeh number 

maximum build up which lies at the boundary layer edge and is located upstream 

of the front shock due to the existance of the compression zone. This location 

is confirmed by the wall static pressure distribution. The beginning of the wall 

static pressure deviation from the upstream gradient takes place at the flow 

field maximum Math number streamwise location. 
The flow between the two 9,.-foot shocks and the edge of the boundary layer 

looks the same in all eases but differs in size. The area displays nearly constant 

Math number. Due to this the rear shock is mostly straight. A weak curvature 

of the rear shock under the bifurcation point reflects the Math number gradient 

at the front shock. Then the rear shock is straight as the Maeh number is nearly 
constant above the boundary layer. This Maeh number value is the same for all 

cases. Then within the boundary layer the rear shock bends again, becoming 
normal to the wall and disappears deep within the boundary layer at the M ---= 1.0 

line. Betweel~ X-foot branches the boundary layer thickness increases considerably, 
and for the thinner boundary layer this increase is much more pronounced. 

,Just downstream of the rear shock the flow is subsonic with increasing Maeh 

numbers towards the wall. Upstream the rear shock within the boundary layer 
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M becomes lower, the shock weaker and M after the shock higher. In  all cases 
an after-expansion with supersonic velocities has been detected. The sonic 
line originates fl'om the area of the rear shock disappearance in the boundary 
layer. The iso-Mach lines go very steep upwards. I t  looks that  the expansion 
is concentrated within the boundary layer just downstream of the rear shock. 
This is confirmed by  a white zone present at  this place in the Schlieren picture 
(Fig. 3). 

The shape of the observed supersonic par t  of the after expansion is in agree- 
ment  with the shape reported by  other authors in [3], [8], [10], [14]. Therefore 
our measurements do not support  Seddon's supersonic tongue shape [2] and the 
subsonic after expansion of Padova and Falk [4]. 

The interaction e//ect on the boundary layer should be discussed on the distri- 
bution of the boundary layer and displacement thickness (d, dl) and the shape 

factor based on d~ and momentum thickness. Boundary layer thickness distri- 
bution for two extreme 1~%~ values are presented in Fig. 5a. All distances have 

been normalized with an undisturbed boundary layer thickness. Positions of 
the front and rear shock at  the boundary layer edge are marked at  the distri- 
bution curves, x/d~ = 0 refers to the main shock locations and to the wall static 
pressure presentation (Fig. 2). The evident kinks of the ~ distribution appear  

at  the shock locations. I t  is difficult to say if this is a shock effect on the boundary 
layer thickness or on the measurement error. The rate of the boundary layer 
thickness increase is the same in this coordinate system, but its magnitude 
is much larger for a smaller l~e~. Unfortunately, the here presented measurement 
does not include the boundary layer rehabilitation phase. At our last traverse 
the boundary layer thickness still increases significantly for l~e~ = 5.5- 10 t 
and starts to decrease its gradient for l~e~ = 15.3.10 4. Sehlieren pictures 
indicate tha t  at  this area the rates of the boundary layer thickness increase 
should start  to drop down. 

A similar behaviour is performed by the displacement thickness distribution 
(Fig. 5b). The ~1 is normalized with d~. The distribution curves have a very 
small point scatter. At the beginning the curves are horizontal. Then in the area 
of k-foot front location the displacement thickness starts to increase with a 
constant gradient within the whole remaining par t  of a measurement  zone. 

This gradient seems to be independent of Reo~. 
The measurements have not been continued into the rehabilitation phase, 

therefore no decrease of the gradient is observed. The magnitude of the dis- 
placement thickness increase is much higher for smaller I~eo~. 

Fig. 5e presents the shape factor distribution. I t  is often accepted that  
separation takes place at a shape factor 2.6. This value has been marked in the 
presented diagram. 

The comparison of the boundary layer parameters  ((~, (31) indicate without 
any doubt that  at a higher 1~%~ the interaction effect on the boundary layer is 
smaller. 
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The last information extracted from the boundary  layer profiles measurement  

is the skin/riction coe//icient (el) distribution. I t  has been obtained from the fit 

to the law of the wall. The assembly of the c I distribution for all eases is presented 
in Fig. 6. The distance along the wall is normalized with d= and x/6~ = 0 refers 

to the main shock location again. 

The skin friction coefficient value of the undisturbed profiles is for all R%~ 

eases about  the same c! 2~ 0.003. 

Under  the X-foot front  shock the c I value drops down rapidly. For  the limiting 

cases the front  shock location is marked at  the distr ibution curves. I t  is observed 

tha t  the cf drop starts ups t ream of the front  shock position. The sudden increase 

of the wall static pressure is connected with a sudden decrease of the c I value. 

Our measurements  show an untypical  c I behaviour at  separation. The regular 

c I distribution, as observed by  other authors,  should continue to drop below 

the c I --  0, reach a minimum value and then rise to teach positive values through 
the rea t tachement  point. I n  our measurements  the sharp c! drop is not  continued 

to negative values. At  very  low c I values the distribution curves level off. Then 
a slow decrease takes place and separated profiles are reached fur ther  down- 

stream. The c I distributions would mean tha t  the separation takes place down- 
stream of the shock system. I t  is however expected tha t  the separation takes 
place just  downstream the area where the 2-foot f ront  shock interacts with the 

boundary  layer. This idea would be supported by  the ~ and d~ behaviour in our 

measurements  and by  the first strong c I drop. 
The other  authors find a separation point  in this location too. I f  the sharp 

cf drop is extrapolated to c! = 0, the obtained location would coincide very  
well with an expected place. Such a location is marked with s~ in Fig. 4. 

I n  order to clarify this strange c! behaviour a wall friction lines pa t te rn  
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has been investigated by  means of the oil visualization method. The wall skin 
friction lines pat terns  for all investigated cases are presented in Fig. 7. These 
present a view of the convex wall through the tunnel window. Two large arrows 
on the left hand side of the picture indicate the flow direction. Small arrows 
alligned with the oil streaks show the wall flow direction and middle size arrows 
mark  the critical points and separatrices. 

The double line, drawn across the convex wall, indicates the 2-foot front 
shock position. The single line is drawn for reference only and indicates an edge 
of the tunnel windows. 

The detailed discussion of the separation structure is presented in a separate 
paper [19]. As it is observed in Fig. 7 the 1~%~ has no effect on the pat tern  itself 
but  the l~eo~ increase magnifies the a symmet ry  of the pattern.  In  order to make 
the discussion of the pat tern  more easy a sketch of the most important  details 
is presented in Fig. 8. This sketch concerns an example of Re~u = 15.3 �9 10 4. 

The disturbance of the wall flow starts upstream of the front shock location 
in the convex-side walls corner. This place coincides with the wall static pressure 

minimum location (between taps 10 and 11). From this place starts a strong 
wall stream contraction. At the front shock location d and dl begin a significant 
increase and c! drops very sharp. On movie film one can observe a very significant 
decrease of the oil flow velocity, which corresponds to the c I drop. With this slow 
motion oil follows the contraction downstream the shock position. Then it 
splits up, forms a saddle point of separation Sx and turns sideways into the focuses 
Vn (right) and V~ (left). The lack of the reverse flow in the middle of the channel 
just downstream the front shock, the downstream shift of the Sa confirm the 
correctness of c! behaviour, infered from the velocity profiles. The saddle location 

""au  ' - -  ' - g e ' ~  5 / . 3 x I 0  4 

Fig. 8. Skin friction lines pattern Re~u ~ 15.3 - 10 4 
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Sa is plotted in Fig. 6 and marked as Sz. This provides the c I = 0 point for the 
presented distributions. $2 is also marked in Fig. 4. I t  is very strange that  the 
$2 location is far downstream of the expected place $1, where 8 and 8~ distri- 
butions and also the significant c! drop would infer separation. At S~ location 
the pressure jump at the wall is completed and only small adverse gradient 
remains, the displacement thickness is five times greater than in undisturbed 

flow area. 
The problem of 3-D effects in the separation area is presented in [19]. The 

topological structures of separation and asymmet ry  of these structures is dis- 

cussed there. 
In spite of all reasons presented in ~19], the separation length has been defined 

as a distance between S1 and reattachment.  I t  has been done only for com- 
parison purposes. I ts  comparison with measurements of another author is 
presented in Fig. 9. Our experimental points and one of Nebbeling are the only 
results of flows over a curved wall. The maximum Much number  at the edge 
of the boundary layer is M ~ 1.435 which is almost the same as in the case of 

Nebbeling (M = 1.43). 
The Re~, values in our investigations are a little lower than most of the 

compared results. The shape of our curve is steeper than tha t  of others for flat 
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wall  flow. However  the  o ther  slops are  based on two po in t  character is t ics ,  wha t  

is no t  ve ry  reliable.  The difference in the  g rad ien t  could mean  t h a t  18 is more  

sensi t ive to  the  Reyno lds  number  in the  case of curved wall. To help  the  inter-  

p re t a t ion  of our  curve the  Points  are  f i t t ed  wi th  error  bands.  Tak ing  into  aeount  

our po in t  for the  highest  I~%,, Nebbe l ing ' s  po in t  and  the  lowest  g e ~  ease of 

Kooi  one could t r y  to  d r aw  conclusions abou t  the  wall  cu rva tu re  effect on the  

separa t ion .  Koo i ' s  expe r imen t  has  been carried out  on a f la t  ,wall. Nebbe l ing  

used a curved wall wi th  R = 500 m m  and we had a wall  wi th  R = 300 ram. 

I t  could then  be not iced  t h a t  the  separa t ion  length  decreases wi th  increasing 

curva ture .  Tha t  is, the  favourab le  pressure  g rad ien t  in an und i s tu rbed  flow 

counterac ts  the  d e v e l o p m e n t  of the  separa t ion .  

The las t  expe r imen ta l  resul t  to be discussed here is the  shock wave bi/urcation 

topography. Two dimensions  are  considered:  

b i furca t ion  po in t  height  "h"  measured  normal  to the  wall, 

- -  d is tance  " / "  between the  f ront  and  rear  shocks at  the  wall. 

The wall  locat ion of the  rear  shock is easy  to de te rmine  as near  the  wall  the  

shock is normal .  The locat ion of the  f ront  shock pos i t ion  is not  as s t ra igh t forward ,  

the  shock wave has  been ex t r apo la t ed  down to the  wall to ob ta in  a shock wall 

posi t ion.  

The bi furca t ion  po in t  height  comparison with  avai lab le  l i t e ra tu re  d a t a  is 

p resented  in Fig.  10. I n  the  ava i lab le  publ ica t ions  the  d a t a  consist  of single 

poin ts  and  only Calspan ' s  resul ts  p rov ide  a two po in t  character is t ic .  Our curve is 
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the only one based on more than two points. At higher ge~= our measurements 
indicate smaller values then the flat  wall results of other authors. The only 
curved wall result obtained from literature (Nebbeling) fits very well into the 
extrapolation of our characteristic. A t~e~= increase causes the normalized bifur- 
cation height to decrease substantially. 

An additional information is provided by the Fig. 11. I t  presents a relation 
between bifurcation point height and a wall distance between shocks. The charac- 
teristic is linear and inclined by  nearly 45 ~ The point of Nebbeling fits to our 
curve very well. This means that  the shock bifurcation topography displays 
similarity when changing its size with Ret=. This conclusion contradicts the 
Padova and Falk [4] observation, who have found a significant change in an 
angle formed by  the bifurcation shock branches. 

4. Conclusions 

The results of carried out measurements allow to state the below listed con- 
clusions. 

(i) At Mw ~ 1.47 and 5.5 �9 104 ~ R%~ ~ 15.3 �9 10 a the shock bifurcates and 
a large k-foot is developed. I ts  interaction with a turbulent boundary layer cause 
the flow separation. 

(ii) Pressure jump at  the wall takes place much further upstream the main 
shock location for lower t~e~= values, and simultaneously the kink pressure level, 
the maximum slope of pressure jump decreases and the shock phase length in- 
creases. 

(iii) The first pressure disturbance at  the wall generates a compression wave 
tha t  develops a shock wave. I t  is quite strong at  the bifurcation point but still 
embedded within the compression wave. 
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(iv) Rear  shock is "S"  shaped and penetrates the supersonic par t  of the 
boundary layer. I t  is followed by  the after expansion, which is centered within the 

boundary layer. 
(v) The after expansion accelerates the flow to supersonic velocities once 

again. I t s  shape contradicts the Seddon result [2] and a subsonic after expansion 
found by  Padova and Falk [4]. I t  is in agreement with the results published in 

[3], [8], [10], [14]. 
(vi) At the A-foot front branch location at the wall the static pressure has 

completed over a half of its jump, d, d~, d=, gradients have obtained nearly 
maximum values and the skin friction values have dropped significantly. 

(vii) The gradients of ~, ~1, increase are independent of P~ea~ but the magnitude 
of these parameters  value increase is much larger for lower Rea~. 

(viii) The separation area displays strong 3-D effects. The asymmet ry  of the 
wall pat tern  increases with the I{ea= increase. Discussion of separation structures 

is presented in [19]. 
(ix) The normalized bifurcation point height decreases significantly with 

increasing Rea~. The only curved wall experimental point from literature [10] 
fits very well to the extrapolation of our curve. No comparison of the curve 
inclination could be made due to the insufficient amount  of literature data. Our 
values are lower than that  for flat  walls, except for Seddon's result [2]. 

(x) The bifurcation topography indicates similarity. All our experimentM 

points correlate on a single straight line. The point of Nebbeling [10] coincides 
with the correlation line, too. 
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