
On the other hand, by taking account  of the iner t ia l  t e r m  ~<V t in Eq. (3.5) p r o b l e m  (3.5)-(3.11) can be 
solved for  a r b i t r a r y  initial  data. For  smal l  ~, however ,  informat ion on the initial  ve loci ty  field, but not on the 
initial f i lm  prof i le ,  is rap id ly  forgot ten  in the motion p roce s s .  

The author thanks Dr. H. K. Moffat whose work [2] was a s t imulus  for  wri t ing the p resen t  paper .  
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T U R B U L E N T  V I S C O S I T Y  F O R  I N C O M P R E S S I B L E  G R A D I E N T  

F L O W S  B E F O R E  S E P A R A T I O N  A N D  ON A R O U G H  S U R F A C E  

V. N. D o l g o v  a n d  V. M. S h u l e m o v i c h  UDC 532.526 

The exis t ing f in i t e -d i f fe rence  methods of turbulent  bounda ry - l aye r  calculat ion,  where  var ious  modi f ica-  
t ions of turbulent  v i scos i ty  (mixing path lengths) a r e  used for  c lo su re  of the s y s t e m  of equations,  lead to grea t  
d i f fe rences  between the calcula ted and exper imen ta l  data for  highly nonequi l ibr ium (close to separat ion)  flows 
[1-3]. One of the probable  r e a s o n s  for  the obse rved  d i s ag reemen t  is that exis t ing models  of turbulent  v i scos i ty  
contain insufficient  informat ion about the p rev ious  h i s to ry  of the flow. In pa r t i cu la r ,  the re la t ion  for turbulent  
v i scos i ty  in the externa l  par t  of a boundary l ayer  [2] or ,  for  instance,  the re la t ionsh ip  used in [4] 

~ = p ( X g e ) 2 1 O u / O y l  (1) 

in explicit  f o r m  is quite independent of the previous  h is tory .  The value of ~ in (1) is constant  and is usual ly  
taken as 0.09. 

Cor re la t ion  of the r e s u l t s  of the exper iments  of Goldberg [3] and Schubauer and Spandenberg [1] showed 
that  in the ex te rna l  par t  of the boundary l ayer  the n u m e r i c a l  value of ~ can va ry  approx imate ly  f r o m  0.045 to 
0.090, i . e . , / ,  ~cons t  along the s t r eaml ine .  At the s ame  t ime,  as will be shown below, the value o f / ,  can have 
a g rea t  effect  on the ful lness  of the p ro f i l e  and the in tegra l  c h a r a c t e r i s t i c s  of the layer .  

To de t e rmine  the c h a r a c t e r i s t i c s  of the boundary  layer  before  separa t ion  the authors  of [4, 5] a s su med  
va r ious  f o r m s  of d imens ion less  , u n i v e r s a l ,  ve loci ty  prof i les  and obtained a g r e e m e n t  with exper iments  by the 
introduction of e m p i r i c a l  coeff ic ients  into the ve loc i ty  prof i le  re la t ions .  
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In the p resen t  work we analyzed a l a rge  number  of expe r imen ta l  works by P e r r y  (2900), Schubauer and 
Kl~banoff (2100), Newman (3500), Moses (3700, 3800), Schubauer and Spandeaberg (4500, 4800), and F r a s e r  
(5000, 5100), dealing with f lows with a s t rong  p r e s s u r e  gradient ,  leading in s eve ra l  ca ses  to bo ,Jndary- layer  
separa t ion  (the f igures  in p~ren theses  a f t e r  the e x p e r i m e n t e r s '  names  co r respond  to the number s  of ci ted 
expe r imen t s  in [1]). This  ana lys i s  r evea l ed  Some c h a r a c t e r i s t i c  f ea tu res  of flows before  separa t ion .  F i r s t ,  the 
gradient  of the ex te rna l  flow ve loc i ty  (du6/dx) on app roach  to separa t ion  tends to zero .  The r e su l t  of this is 
that  the .computa t iona l  metlmds wi th  the usual  r e l a t i ons  for  c losu re  of the turbulent  boundary l a y e r  equations 

.:probably do not r e spond  to the .approach  of s e p a r a t i o n  and give the l ayer  c h a r a c t e r i s t i c s  co r respond ing  to flow 
o n  a p la te . .  Secondly, flow. be fo re  s e p a r a t / o n  b e c o m e s  s ignif icant ly  nonequi l ibr ium and is accompanied  by a 

sha rp  inc rease  (Fig. 1) in the C lause r  equi l ibr ium p a r a m e t e r  

where  61 is the d i sp lacement  th ickness ,  T w is the f r ic t ion  s t r e s s  on the wall,  dp/dx is the p r e s s u r e  gradient ,  
x is the longitudinal coordinate ,  and .~ =X/Xma x. 
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In Figs .  1-4 the number ing  of the expe r imen ta l  points (1-9) c o r r e s p o n d s  to the number s  of the exper i -  
ments  ci ted in [1]: 1} 2500; 2) 2900; 3) 3500; 4} 3700; 5} 3800; 6} 4500; 7) 4800; 8) 5000; 9) 5100. 

In the light of these  fac t s  we can a s s u m e  that  ins tead of ~ in (1) it would be be t t e r  to use a re la t ion  of the 
f o r m  ;k =~, (Re2, 6 / I t ,  ~d/3/dx), where  Re 2 is the Reynolds number  r e l a t ed  to the momen tum th ickness ,  3 is the 
boundary  l aye r  th ickness ,  R is  the instantaneous rad ius  of the body, and ~ is the c h a r a c t e r i s t i c  length. To 
v e r i f y  ~this a s sumpt ion  on the b a s i s  o f  [6] we compi l ed  a p r o g r a m  for  f in i t e -d i f f e rence  computat ion of the turbu-  
lent b o u n d a r y  l a y e r ,  which r e q u i r e s  :several  :comments ; :  The f ini te~differenc6 equation was cons t ruc ted ,  a s  in 
[6], b y i n t e g r a t i o n  ove r  t h e c o n t r o l  volume -: a method p rev ious ly  p roposed  in [7]. 

For: computat ion of  the botmdary l a y e r  on: : rough su r f aces : the  r e l a t ion  for  the total  :~iscosity nea r  the wall  
[6]: genera l ized  b y  t h e p r o c e d u r e  in [8],:where the  roughnes s  po in t s :were  r e g a r d e d  a s , v o r t e x  genera tors , , ,  and 
tLad the f o r m  

tt~. = Ix 'Jr" pk~y ~ _  [t - -  exp [ - -  y V'x'p/(~tA)] ,-F exp [ - -  A~y ]/-x-~ I~ltAh'l~2)ll/'~y [ ' 1  au 4 (3) 

where  /~ is the dynamic  v i scos i ty ,  p is the densi ty,  i~ =0.40, y is the dis tance f r o m  the wal l  along a n o r m a l  to 
the su r face ,  ~- is the tangent ia l  s t r e s s  a c r o s s  the boundary  l aye r ,  h is the height of the roughness  points,  u is 
the longitudinal ve loci ty  component ,  and A r depends on the shape and posit ion of the roughness  points.  The r e -  
lation for  A was chosen on the bas i s  of [9] in the f o r m  

A = t3.6 -I- 12.4exp[--lO.75(pv),~/(p%)], (4) 

where  (pv) w is the m a s s  flux on the p e r m e a b l e  wall; v. = V-x,~/p. Control  ca lcula t ions  of the exper imen t s  of [9] 
for m a x i m u m  injection and suction with the use  of (4), c a r r i e d  out in accordance  with the given p r o g r a m ,  show 
showed good a g r e e m e n t  with the r e s u l t s  of exper iments :  In [6] A was taken as  26, which leads  to cons iderable  
d i s a g r e e m e n t  of the ca lcula ted  and expe r imen ta l  data [9]. 

In [6] the boundary  condition for  the f in i t e -d i f fe rence  equation and the local  f r ic t ion  coeff icient  cf  we re  
de te rmined  by using the approx imat ion  re l a t ions  obtained by its authors  on the ba s i s  of p a r a m e t r i c  calcula t ions  
of Couette flow n e a r  the wall.  In [6] these  re la t ions  were  extended to the "logari thmic, ,  pa r t  of the veloci ty  
:profile, which in s e v e r a l  c a s e s  did not allow calcula t ion of flows with s t rong  p r e s s u r e  gradients  and suction. 
The a c c u r a c y  of the calcula t ion was inc reased  and these  diff icult ies were  o v e r c o m e  by the introduction of an 
t te ra t ive  computat ion p r o c e s s ,  and the f in i te -d i f fe rence  equation was solved along with the o rd ina ry  different ia l  
equation 

a %  2~+ (5) 

= I + V i -7 4y~x+ {l -- exp (-- y.:_ l"~+ ]A+) -- exp [-- Ary - l/ 'r+ ](Ah+)]} ~' 

where  

-r= = ( l  + p+y+ + m+u+)/(l y-+ cos a/R+); (6) 
u +  = y +  = p +  = 

m + =  mw "(kpc,); R + =  Y+lu=a ; h+=  Y+ly=h; A+ = kA 

is the local  angle of inclination of the s u r f ace  to the axis  of s y m m e t r y ) .  Equation (4) was extended to the 
d imens ion les s  d is tance  y+= 1.4, i .e . ,  was val id only in the immedia te  vicini ty of the wall.  Relat ion (6) was ob- 
tained by expansion of the tangent ia l  s t r e s s  in the vicini ty  of the wall  in a MacLaur in  s e r i e s  using the equation 
of motion and the no - s l i p  conditions.  On the bas i s  of n u m e r i c a l  calculat ions by  the expounded method and c o m -  
pa r i son  with expe r imen ta l  data [1] for  the plane and a x i s y m m e t r i c  e a s e s  in which flows approaching  separa t ion  
were  obtained,  we es tab l i shed  a re la t ion  for  coefficient  ~, in re la t ion  (1) in the f o r m  

L = O.09/(t + cF), (7) 

where  c = 0.0ttVRe~/(I + 5eosct/R)2; F=6~ldf~/dxl is a f o r m  p a r a m e t e r  c h a r a c t e r i z i n g  the degree  of nonequflib- 
r i u m  of  the flow; 3 2 is the m o m e n t u m  thickness .  

Fo rmu la  (7) is val id for  X _>0.045. In the case  where  the function on the r igh t -hand  side of (7) becomes  
l e s s  than 0.045, we a s s u m e d  that X =0.045. Thus,  the re la t ion  for  turbulent  v i scos i ty  in the externa l  par t  of 
the boundary  l ayer  can be put in the f o r m  

[xr = p [OrO9!h/( t + cF) 121OulOyl, (8) 

where  Yl is the dis tance f r o m  the wall ,  on which u /u  d =0.995. 
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Figures 2-4 show the resul ts  of comparison of the calculated and experimental data for the friction co- 
efficients, form parameters ,  and dimensionless velocity profiles,  where the solid line corresponds to calcula- 
tion using PT, determined f rom relation (8), and the dashed line is obtained f rom (1) with k = 0.09, H = 61/62, 

=u /us ,  and y =y/5. The velocity profiles in Fig. 4 correspond to the longitudinal coordinate ~ ~. 1. 

An analysis of the presented data indicates several  character is t ic  features ofcomputat ionoftheturbulent  
boundary layer,  where  for  c losure  of. the equations ',we used relatiDn (1) with A-0 .09  and A accord ing  to (7). 
F i r s t  of all, i t  should be :noted that the use of ~ =0.09 did notg ive  the "theoretical" separa t ion  rea l ized  in 
several  experiments withwhich:comparison-was made. In the ~w.holepreseparation~region of flow the ealcula- 
:tion led  to sys temat ic  overestim~teoof el, a :great :underestimate :oLthe ~eurm parameter:H,:and significant filling 

.... Of the~ve~tocity profiles :i-n~compai~ison with those~observed :in. experiments. ::oThe:value :of fl::in fflae calculations 
was practically constant. Thus, the calculated flow in the boundary layer becomes quasiequilibrium and does 
not correspond to the physics of the effect. 

At the same time the use of relation (8) enabled us to obtain separation whose coordinate agreed satis-  
factorily with the experimental data. In the program the separation was fixed when the calculated value cf-*0.  
For the regions approaching separation the numerical  values of cf, H, and the fullness of the velocity profile in 
coordinates ~ =fi~) corresponded fair ly well with the corresponding experimental character is t ics  of the bound- 
ary layer. As in the experiments,  there  was a sharp increase in the equilibrium parameter  ft. 

Thus, the more rapid (in comparison with the generally accepted) reduction of the turbulent viscosity 
along the streamline,  corresponding to relation (8), which takes into account the degree of equilibrium of the 
flow, leads to a great improvement in the agreement of the calculated and experimental data. Hence, relation 
(8) probably allows a more satisfactory description of turbulent t ransfer  in the external part of the boundary 
layer for regions close to separation. 

The possibility of numerical  calculation of the turbulent boundary layer on rough surfaces was con- 
f i rmed by the use of relation (3). As an example we considered flow on a rough wire with aspect rat io Xmax/ 
2R =1740, R =1 mm, h=0.085 mm at an air velocity u5 =35 m/sec .  The value of A r in the turbulent viscosity 
formula (3) was taken as 26. Figure 5 shows the resul ts  of comparison of the calculated values of the mean 
friction coefficient c F (the solid line corresponds to flow on the wire and the dashed-dot line, to a rough plate) 
with experimental data [10]. It is apparent that the agreement of the theoretical  and experimental values is 
satisfactory. Hence, the approach of [6], where the roughness points are  regarded as "vortex generators,"  can 
be applied t o the  finite-difference method of calculation of turbulent boundary layer character is t ics .  
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