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The effect of Reynolds number on the geometric characteristics of flow 
under conditions of boundarylayer separation from the surface of a 
sphere is analyzed. 

The point of boundary layer separation is determined. 

The angle between the tangent to the surface of the sphere at the 
point of its intersection with the extension of the shock wave and the 
tangent to the separation surface is defined. 

Measurements were made of the augle between the visible separation 
boundary and the compression jump developing in the neighborhood of 
the separation point. 

NOTATION 
p is the pressure; 
p is the density; 
t is the temperature; 
V ~ is the velocity of mode1; 
d is the diameter of the model; 
M is the Maeh number; 
R is the Reynolds number; 

y is the coordinate of the point of iutersection of the shock-wave 
continuation and the sphere surface, with the superscript ~ denoting 
measured values; 

Yl is the coordinate of the point of intersection of the continuation 
of the edge of the separated boundary layer and the sphere surface; 

~0 is tim angIe between the shock wave and the tangent to the sepa- 
ration boundary; 

is the angle between the tangent to the separation bouudary and 
the direction of flight of the model; 

8 is the angle between tile tangent to the surface of the sphere (at 
its point of intersection with the shock-wave continuation) and the 
tangent to the separation surface; 

L is the distance between the point of separation of the boundary 
layer and the loss-of-stability point of the laminar flow in the wake; 

is the separation of the head shock wave from the sphere. 

Shadographs of flow past a sphere (1 : 1) obtained in baliistic wind 
tunnels [1,2] were used for measuring the flow separation and the 
head-wave detachment. 

The experiments were carried out in air (t ~ 17 ~ C) at atmospheric 
and reduced pressure in the range of ,',lach numbers 0 .8 -4 .0 .  

Duralumin balls (class 10 surface finish) of 88, 89, .30, and 20 mm 
in diameter and 9mm steel bali bearings (class 11surface finish) were 
fired at atmospheric pressure, These steel balls were also fired at a 
pressure p of approximately 190 mm Hg in the ballistic wind tunnel 

The Reynolds number R varied in these experiments between 6 �9 i04 
and 4.6 �9 106 in proportion to the flight velocity. 

The effect of surface roughness was investigated during experiments 
carried out in air at atmospheric pressure with 20 mm diameter steel 
ball (class 11 surface finish), and rough-finished duralumin balls of 
the same diameter. Surface roughness (0, 03 mm ridge heigizt) was 
produced by sandblasting. 

The refraction of light rays at compression jumps and in boundary 
layers produces areas of shadow whose cross section is observed oathe 
screen in the form of black strips (the pattern of rays, shown schemat- 
ically in Fig. 1, relates to the case of an abrupt change of density 
p at the edge of the boundary layer and in the shock wave). The rays 
tangent to the shock wave or to the boundary layer edge, interseding 
with the screen,are the external boundaries of these strips and were used 
for all nleasurements. 
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Fig. 1. 1) Light rays; 2) shock wave (Pl < 
< p~,); .3) edge of the boundary Iayer (Pl > 
> P2 ); 4) region of shadow; D} region of 

highlight; 6) screen. 
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Fig. 2. i) Sphere; 2) edge of the boudary 
layer; :3) diffraction edge; 4) compression 
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Fig. 3, 1) d = .53 ram; 2) d = 3.9 ram; .3) 
d =.30 mm;4 )  d =20 ram; 5 ) d = g m m , 6 )  
p = L90 mm Hg; '7) d = t4, 2 toni [4j; 8) 
calculated, R= 10713]; 9) d =20 m m (  
(class ti  surface finish); 10) d = 20 Inlrl 

(rougt~ surface). 

Since, owing to diffraction, the position of the shadow-light 
boundary is displaced, the results of tile measurements were corrected 
for tiffs effect. Two corrections, AIY and A 2 y, were made with respect 

to angle y (Fig. 2) which defines the position of the intersection point 
of the sphere surface and the continuation of the shock wave originating 
in the separation zone (the first of these takes into account the pres- 
ence of the model diffraction edge and tile second, that at the shock 
wave), thus y = y~ l y + Aa y, The experimentally obtained de- 
pendence of the parametery on the biach nmnber M for balls of various 
diameters is shown iu Fig. ;3. Each of the curves plotted on this grap[1 
is the result of averaging of not less than 100 points. The graph 
shows the mean deviation of individual measurements of y~ for each 
curve. Values related to rough-finished balls and to i0 mm diameter 
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Fig. 4. t)  d = 9mul,  p = • mm tig; 2) d = 

= 9 rain; 3) d = 20 ram;  4) d = 30 rnln; ,5) d = 

39 ram; 6) d : 53 lil[~l; 7)  d = [4. 2 [nlrl [4]; 

8) d = 20 mm (class IL surface finish); 9) d = 

= 20 lnln (rough surface).  

bai ls  (class 11 surface finish) are m e a n  values  obta ined from the 
processing of some 20 exposures. It w i l l  be  seen from th i sg raph  that  

for bai ls  of d iamete rs  d -< 20 m m  the dependence  of y on the Maeh 

number is p r ac t i ca l l y  the same .  For bal ls  of larger  d iamete r s  (d > 

> 20 ram) the point of boundary layer  separat ion moves downstream.  

Surface roughness has a s imi la r  effect  on i t .  

The quan t i t i a t ive  d iscrepancy be tween values  of y c a l c u l a t e d  for 

R = 10 ~ [8] and those obta ined in the course of  the present exper iments  
at the upper l i m i t  of the inves t iga ted  range of Reynolds numbers 

R = 4.6 "106 is not grea t .  The descrepancy  be tween  values  of 

Ydetermined here and those de te rmined  in [4] can  be expla ined  by the 

fact  that  in the la t ter  no correct ions were m a d e  for diffract ion edges 

at the ba l l  and at the compression jump,  

The results of measurements  of angles r (between the tangent  t o  

the separat ion b o u n d a r y a n d t h e s h o c k  wave) and ~o (between the same 

tangent  and the mode l ' s  d i rec t ion  of flight) are shown i n F i g s , 4 a n d  

5 in graph form of functions r = r and ~ = ~(M). Data  from [4] 

have  been also plot ted on these d iagrams and are in good cor re la t ion  

with the results of this inves t iga t ion .  
The set of relat ionships y = 7(M) and ~o = q' (M) (Figs, 8 and 5) 

a l low us to c a l c u l a t e  the angle13 be tween  the tangent  to the sphere at 

the  point of its in tersect ion wi th  the shock wave cont inua t ion  and the 

tangent  to the surface of separa t ion  ( in rough approximat ion ,  13 may  be 

ident i f ied  with the def lec t ion  angle  of the  s t ream in the separat ion 
zone) ,  The results of ca lcu la t ions  m a d e  for several  values  of the Mach  

number M a r e g i v e n ,  i n F i g . g , i n t h e  form of curves of ~ = ~3(R). The 
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Fig. 5. l )  d = 9 uun ,  p = 190 m m  Hg; 2) d = 
= 83 r a m ; 3 )  d = 3 9 r a m ;  4) d = 30 ram;  6) 
d = 20 m m ;  6) d = 9 ram; 7) d = 14 .2  m m  
[14]; 8) d = 20 m m  (Class 1I  surface finish); 

9) d = 20 mm (rough surface).  
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Fig.  6 .  Dependence  of 5 on the Reynolds 
~mmber for various Mach mmlbers. 

presence of a m i n i m u m  whosemagnf tude  and position varies  with a 

varying M a t h  nurnber M is a par t icular  charac te r i s t ic  of these curves.  

An examina t ion  of Fig. 6 shows that ,  in a mtmber of cases,  angle  

13 is nega t ive .  This may be expla ined by the fact that  the flow sepa-  

ra t ion beginning at the point defined by  coordhmte  y, is not abrupt but 

gradual .  It wi l I  r ead i ly  be seen tha t ,  for separations of this nature,  the 

point of in tersect ion of the cont inuat ion  of the tipper boundary o f the sep -  

arated boundary layer  with the surface of the sphere (Yl in Fig. 2) may  

appear behind the point of in tersect ion of the shock wave with the 
baiI  (y). Direct  measurements  of the position of these points on the 

sphere showed that  for R < 5 �9 10 s, ?'1 > Y, and the di f ference )'1 -Y ~" 

10 ~ whi le  for R > 5  " l 0  s , t h e l a t t e r  is 4 ~ . It should be noted,  as 

regards parameter  Yl, that  only one correc t ion ,  A,y~ (Fig. 2), for 

the model  diffract ion edge was made .  

The obta ined data  a l low us to m a k e  cer ta in  observations as regards 

the dependence  of the pressure aft of the sphere on R. In par t icular ,  

s ineey  ( d -< 20 ram) is near ly  constant  for decreasing Reynolds 

numbers (Fig. 3) and since the angle  of s t ream def lec t ion  increases 

(Fig. 6), the pressure behind the  compression jump increases.  Hence,  

in this region the rat io  of the back  pressure to the pressure at in-  
f in i ty  increases wi th  decreas ing Reynolds number.  At Rey,mlds 

numbers R < 5 �9 10 ~, the zone of def lec t ion  of a s t ream detached 
from the sphere surface (roughly charac te r ized  by the parameter  Yl-Y) 

is greater  than for R > 5 �9 10 ~. Thus, the rise of pressure behind a 
compression jump at " low" Reynolds numbers wi l l  be  slower than at  

% i g h "  numbers.  
Light rays in tersect ing the  region of turbulent  flow dev i a t e  from 

the i r  or ig inal  path (owing to densi ty  pulsat ion in the flow) thus mak ing  

l o c a l  inhomogenet ies  of flow vis ib le ,  This feature was used for de t e r -  

min ing  the posit ion of the  "point"  of t ransi t ion from l amina r  to turbu-  

l en t  flow. It was assumed in these measurements  that  the loss of the 

l amina r  flow s t ab i l i t y  occurs at the instant  of appearance  on the  

shadowgraph of loca l  inhomogene i t i es  in the i l l umina ted  f ield.  Re- 

sults of measurements  are shown in Fig, 7 in the form of a graph 

showing the  dependence  of parameter  Z = l / d  on the  Mach  number M. 

Here L is the  d is tance  be tween the  in tersect ion point Of the  shock-wave  
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Fig. '7. I) d = 9 ram, p = 190 mm Hg; 

2) d = 9 ram; 3) d = 20mm;4) d =30 ram; 

5) d = 39 mmi 6) d = 20 mm (class ii 

surface finish). 
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Fig. 8. 1) Air, p = 1 aim; d = 20 ram, 
duraI; 2) air, p = 190 mm Hg; d = 9 ram, 
steel~ 3) nitrogen, c p / c  v = 1.4 [5]; 4) 
air [6]; 5) calculated, Cp/C v = 1.4 [7]. 

continuation and the sphere and the spot at which the fixst visible in- 
homogeneities of flow make their appearance, Each point on the graph 
represents the value of Z determined by averaging measurements made 
on a series of exposures taken in the course of a single experiment. 
Examination of this graph shows that the transition from laminar to 
turbulent flow is retarded in the wake with increasing Much number M 
(curves relate to a 9 mm diameter sphere). This is explained by the 
greater stability of the boundary layer at high Much numbers M than 
at low ones. A decrease of the Reynolds number (at constant Much 
number M) results in a downstream shift of the transition point. How- 
ever, no stretches of laminar flow behing the overcompression region 
were detected in the wake during the course of these experiments, 
since the over compression region moves in the same direction. 

Results of measurements of the relative separation of the shock 

wave e = 26/d as a function of the Much number are shown ill Fig. 8, 
where, for comparison, data from [5-7]  have also been included. 
The results of this investigation and those of [5] are in good correlation, 
aIthough yieiding higher values for s than those quoted in [6]. The 

calculated values adduced in [7] lie somewhat higher than those 
of the present experiments. This discrepancy may be explained by the 

high deceleration to which a model is subjected in conditions of 
ballistic experiments. Under such circumstances the shock-wave 
detachment is increased. 

In conclusion, the authors express their gratitude to A. A. Sokolov 
and I. I. Skovortsov for their participation in these experiments. 
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