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The flow in the boundary l aye r  in the vicini ty of the stagnation point of a flat plate is examined. 
The outer  s t r eam consis ts  of turbulent  flow of the jet  type, d i rec ted  normal ly  to the plate. 
A ssumption s concerning the connection between the pulsations in veloci ty  and t empera tu re  in 
the boundary layer  and the average p a r a m e t e r s  chosen on the basis of exper imenta l  data made 
it possible to obtain an isomorphic solution of the boundary layer  equations. Equations a re  
obtained for  the fr ic t ion and heat t r a n s f e r  at the wall in the region of gradient flmv taking into 
account the effect of the turbulence of the impinging s t ream.  It is shown that the frict ion at 
the wall is insensit ive to the turbulence of the impinging s t ream,  while the heat t r an s f e r  is 
significantly Increased with an increase  in the pulsations of the outer  flow. These  p roper t i e s  
a re  conf i rmed by the resu l t s  of exper imenta l  studies [1-4]. 

1. Fields of Velocity and Heat Content in the Boundary Laye r  in the P re sen ce  of Turbulent  Pulsat ions 
In the Outer Stream. It follows f rom stabili ty theory  that the flow in the boundary layer  in the vicini ty of the 
stagnation point remains  res i s tan t  to dis turbances  penetrat ing into the boundary layer  because of the p r e s -  
ence of a negative p r e s s u r e  gradient.  The flow in the boundary l aye r  remains  laminar .  

However,  the pulsations of the outer turbulent  s t r e am  cannot disappear  instantaneously at the edge of 
the boundary l aye r  and are  propagated into the boundary layer ,  at least  into its outer  par t .  This  leads to the 
appearance of additional s t r e s s e s  of fr ict ion and heat flow, due to the t e r m s  - p  <v~cv~) and - p <v~h'> , 
where  v~ and v~ a re  the components  of the veloci ty  pulsation t r a n s v e r s e  and longitudinal re la t ive  to the wall, 
h' Is the pulsation of heat content, and p is the flow density. 

As the resu i t s  of an exper imenta l  study [5] showed, the pecul iar i t ies  of flow in the boundarY layer  in 
the vicini ty of the stagnation point prohibit  the use of the Prandt l  equation or  its modifications [6-8] to find 
the relat ionships between the average and pulsation flows. The inadequacy of equations for  the mixing 
length, which have found wide application for  the calculation of turbulent  boundary layers ,  is connected 
with the different  nature of the format ion of pulsations in an ord inary  turbulent  boundary layer  and in a 
boundary layer  in the vicini ty of the stagnation point. 

In the f i r s t  case  the formation of turbulence is caused by the loss of stabili ty of the boundary layer .  
In the second ease  the formation of turbulence is connected with the penetra t ion f rom the main flow of pulsa-  
t ions,  which, because  of the stabili ty of the boundary layer ,  die out in it. 

If the Prandt l  equation is used for  the longitudinal veloci ty  pulsation 

V <v,"> = t ~ Ox 

then at the outer  edge of the boundary l aye r  with a final value of the mixing length l we obtain vr<v~2>15 =0, 
while in the rea l  flow the roo t -mean - squa re  value of the longitudinal component of the veloci ty  pulsation has 
a final value equal to the roo t -mean - squa re  value of the veloci ty  pulsation in the impinging s t ream.  
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Theoret ical  studies of the effect of the turbulence of the impinging s t r eam on the flow and heat ex-  
change in the boundary layer  are  conducted in [9] for  plane flow and in [10] for axially symmet r i c  flow. The 
equations used in these works for the turbulent v iscos i ty  re ,  as shown in [5], inaccurately  descr ibe  the flow 
in the boundary layer.  Therefore ,  the resul ts  of the calculat ions obtained in these works do not coincide 
with the resul ts  of experimental  studies conducted in a broad range of var ia t ion of the pa r ame te r s  of the 
impinging s t ream.  In the present  work the solution is obtained on the basis of the experimental  resul ts  of 
[5, 111. 

In [5] the resu l t s  are  presented for  an experimental  study of the flow when an axially symmet r i ca l  jet 
impinges on a plate located normal  to the jet axis. The veloci ty U a at the nozzle mouth was var ied  f rom 7 
to 30 m/sec ,  and Reynolds number  R a = U a d a / v  var ied  f rom 4" 104 to 5 �9 10 s, and the initial turbulence (at 
the nozzle mouth) was ~a =0.015. Here d a is the d iameter  of the exit c r o s s  section of the nozzle and v is 
the kinematic v i scos i ty  of the s t ream.  The t ime average  of the s t r eam veloci ty  and the longitudinal c o m -  
ponent of the veloci ty  pulsations were  measured in the region of interaction of the jet with the plate and in 
the wall boundary layer .  It was established that in the wall boundary layer  the flow remains  res is tant  to 
the pulsations of the impinging s t ream.  The t ime-ave raged  velocity profile coincides with the veloci ty p r o -  
file for a laminar  boundary layer  in the vicinity of the stagnation point. 

The resul ts  of the experimental  studies presented  in [5] were  used to solve the equations of motion of 
a liquid in the boundary layer  of a body of axial s y m m e t r y  in the vicinity of the stagnation point, which can 
be wri t ten in the form 

Orv r Orv x 
or b~-;--~ = 0  

Ov r Ovr a~'Vr O 
v~-~r 4- v~--g~ = ~2r -t- v a~ a~ (v~'v/> 

OH OH v O~H 0 <vx,h, > 
V r ~ ' ~ - V x ~ =  Pr Ox z 0x 

(1.1) 

with the boundary conditions 

vr = vx = 0, / / =  1t~ (z = 0); v, = f~r, H =11o (z = ~ )  

Here r and x are  the longitudinal and t r a n s v e r s e  coordinates  relat ive to the plane of the plate, r e spec -  
tively, v is the velocity,  h is the heat content, H is the total heat content, v '  and h' a re  the pulsation c o m -  
ponents of the velocity and heat content, P r  is the Prandt l  number,  /3 is the veloci ty gradient at the outer  
edge of the boundary layer ,  the index w pertains  to pa r ame te r s  at the wall, and the index 0 pertains to 
stagnation p a r a m e t e r s  of the impinging s t ream.  

The sys tem (1.1) is obtained with the following assumptions:  1) the liquid is incompress ible ;  2) the 
wall t empera tu re  is constant;  3) the thermophysica l  cha r ac t e r i s t i c s  are  constant; 4) the veloci ty distribution 
U 5 at the outer edge of the boundary layer  obeys a l inear  law (13 =eonst).  

For  c losure  of the sys tem it is neces sa ry  to use equations relat ing the pulsation cha rac t e r i s t i c s  of 
the s t r eam with the average cha rac te r i s t i c s .  According to the data of [5] one can write 

]/'<~/'>] 1/' ( v / ' )  Is = v,/Us (1.2) 

Assuming  by analogy that 

V = v,lUs, V / V  = ( r r -  
the turbulent fluxes of momentum and heat can be represented  in the form 

- 0 <v~'~r'> = n , 0  (~rlUs) ~ 1 ~  V<~"> Is 
yr. H - -  H w 

- -  p <vx'h' ) = R , o  ~ H o _ H  w V <Ux '~) Is V < ' ( ' ~  Is 

Here  R 1 and R 2 are  cor re la t ion  coefficients  which we will assume to be constants;  the index 5 p e r -  
tains to p a r a m e t e r s  at the outer  edge of the boundary layer.  

Using the equations obtained, the isomorphic coordinates  r and 7 /=xdf l / v ,  and the functions 

F '  (n )  = v#~rs, S (n)  = ( I t  - - / t ~ ) / ( ~ Z o  - -  H ~ )  
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the or iginal  s y s t e m  (1.1) is t r a n s f o r m e d  to the fo rm 

F ' "  = -2 t  "b F'" - -  2FF" "4- alF'F" 

S" = - - P r  (2F + a,F')S '  - -  a ,PrF"S (1.4) 

with the boundary conditions 

�9 r  S =  0 ( q = O ) ,  F '  = S = i  ( , =  oo) 

Here  a 1 a n d a  2 a r e  turbulence  p a r a m e t e r s ,  e is the intensity of 
turbulence,  and the index ~ pe r t a ins  to the p a r a m e t e r s  of the imping-  
ing s t r e am.  

The f i r s t  equation of (1.4) is not s t r i c t ly  i somorphic  thanks to the las t  t e r m  on the right.  An analys is  
shows that when r >- 10 5, where  6 is the th ickness  of the boundary layer ,  this  t e r m  can  be neglected.  

The solution of s y s t e m  (1.4) was  obtained on an e lec t ronic  compute r .  

To analyze the effect  of the nonlsomorphic  t e r m  of Eqs.  (1.4) a solution was fo rma l ly  conducted with 
different  va lues  of a 1. 

It follows f r o m  the r e s u l t s  of the solution that  in the region of gradient  flow the ve loc i ty  prof i le  in the 
wall  boundary l a y e r  is insensi t ive to the pulsat ions of the impinging s t r e am.  The weak effect  of the p a r a -  
m e t e r  a i on the boundary l aye r  makes  it poss ib le  to use  the solution obtained a lso  for  the smal l  v ic ini ty  of 
the stagnation point. The a g r e e m e n t  of the ca lcula ted  and exper imenta l  data  is s a t i s f ac to ry  and l i es  within 
the l imi t s  of accu racy  of the expe r imen ta l  s tudies.  

Some r e su l t s  of the solution for  the heat content prof i le  (the function S) a r e  p resen ted  in Fig. 1. H e r e  
1, 2, 3, 4, and 5 a r e  cu rves  r ep re sen t ing  the r e su l t s  of the solution of s y s t e m  (1.4) at a2=O , 1, 5, 20, and 
50, respec t ive ly .  

It follows f r o m  Fig. 1 that  the heat content prof i le  va r i e s  cons iderab ly  with a change in the p a r a m e t e r  
a2, i .e. ,  the intensi ty of the turbulence  of the main  s t r e am.  The p a r a m e t e r  a 1 exe r t s  a weak effect  on the 
heat content prof i le ,  hence the sensi t iv i ty  of the t he rma l  boundary l aye r  to changes  in the dynamics  of the 
boundary l aye r  is not great .  

2. Determinat ion of Fr ic t ion  and Heat  T rans fe r .  The force  of  f r ic t ion  T w and the heat  t r a n s f e r  qw 
at the wall  a r e  wr i t ten  in the f o r m  

"r~ = IxU~ Vff-~ F~ (O), qw = (~']&) ( t l o - -  It,o) ] / " ~  S" (O) (2.1) 

where  F"(0) and S'(0) a r e  de te rmined  f r o m  the solution of s y s t e m  (1.4) p resen ted  in P a r t  1, a n d g ,  1, and 
Cp a re  the dynamic v iscos i ty ,  coeff icient  of t h e r m a l  conductivity,  and heat  capac i ty  of the gas,  respec t ive ly .  

The local  coeff icient  of f r ic t ion  is equal to 

c / =  ~,dxApUs ~ = 2.62 R~ '5 
(2.z) 

Rr = U~r/v 

A comparison of the r e su l t s  of a ca lcula t ion f r o m  (2.2) with the va lues  of c f  de te rmined  f rom the 
data of [5, 111 is p resen ted  in Fig. 2. Here  the calcula t ion f r o m  (2.2) is given by~a solid line, while the 
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numbers  1-5 give the r e s u l t s  of the expe r imen ta l  s tudy with d is tances  f rom the nozzle mouth to the plate 
of 1, 2, 3, 4, and 5 d i a m e t e r s  of the exit  c r o s s  sect ion of the nozzle,  r e spec t ive ly .  It follows f r o m  the c o m -  
pa r i son  that  the turbulence  of the impinging s t r e a m  does not exe r t  a significant effect  on the coeff icient  of 
fr ict ion.  

The va r i a t ion  in the d imens ion less  heat t r a n s f e r  gradient  S'(0) with different  Prandt l  numbers  (0.5 < 
P r  < 1.5) is sa t i s fac to r i ly  approx imated  by the equat ion 

S'  (0) = 0.763 Pr ~ (t ~- 1.38 a2~ 555) (2.3) 

Equation {2.3) is the r e f e r e n c e  equation for  the de te rmina t ion  of the heat t r a n s f e r  f r o m  the gas to the 
wall  in the v ic in i ty  of the s tagnat ion point of an axial ly  s y m m e t r i c a l  body with al lowance for  the turbulence 
of the impinging s t r e am .  Af ter  the substi tut ion of S'(0) into (2.1) the following equations a re  obtained for  
the heat flux and the coeff ic ient  of heat t r a n s f e r ,  r e spec t ive ly :  

q~ = 0.763 Pr o.̀  ()~/cp) ~ f - ~  (Ho -- H~,) (i + t.38a~ "~) (2.4) 
a =0.763 Pr0-')~ V'~-]~-(I -~ i.38a ~ 

The second equation of (2.4) at a 2 =0 is conver ted  into the wel l -known equation for  (~ in the vicini ty  
of the s tagnat ion point of a body of axial  s y m m e t r y  ia the case  of a l amina r  boundary l aye r  [12]. 

Thus,  

a/a,=o = NI'V~= 0 = I q- i.38a~ '~ ,  N = ada/k (2.5) 

The dependence (2.5), i l lus t ra ted  in Fig. 3 by a solid line, a l lows one to ca lcu la te  the heat t r a n s f e r  
coeff ic ient  in tbe v ic in i ty  of the s tagnat ion point f rom the known value of the turbulence  p a r a m e t e r  a 2 of 
the impinging s t r e am .  The exper imen ta l  data of [1, 2, 4], which a r e  designated by the numbers  1, 2, and 
3 for  s t r eaml ine  flow around a f lat  plate  mounted no rma l  to the jet  axis ,  a r e  also p resen ted  here .  For  the 
de te rmina t ion  of a 2 the c o r r e l a t i o n  coeff icient  R 2 was taken as  0.4, which c o r r e s p o n d s  to the turbulent  
boundary l aye r  at the flat  plate .  The s a t i s f ac to ry  co r r e spondence  of the r e su l t s  of the calcula t ion with the 
expe r imen ta l  data obtained in a broad  range  of va r i a t ion  of the p a r a m e t e r s  of the jet  (Maeh number  at the 
nozzle mouth M a =0-3 ,  R a =104-106, s tagnat ion t e m p e r a t u r e  T o =300-4000~ adiabatic index k=1.25-1 .4)  
makes  it poss ib le  to use the equations p resen ted  above to ca lcula te  the f r ic t ion  and heat t r a n s f e r  during 
the jet  in te rac t ion  in the region of gradient  flow. 
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