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The results of an analytical and experimental investigation of heat 
transfer in the vicinity of the stagnation point of a disk arranged nor- 
mal to the flow and washed by an axisymmetric jet are presented. 

In [1] an approx imate  ana ly t ica l  ca lcu la t ion  was  
made for  the l a m i n a r  boundary  l aye r  between an axi- 
symmetric jet and a plate arranged normal {o the 
flow, but the stagnation poirlt region was excluded 
from consideration. Hydrodynamic investigations of 
the boundary layer at the wall [2] have permitted cal- 
culation of the laminar boundary layer in the vicinity 
of the stagnation point, when the flow must be regard- 
ed as gradient flow. 

In the case of an axisymmetrie laminar boundary 
layer with a pressure gradient the momentum equa- 
tion m a y  be wr i t t en  in  the following fo rm [3]: 

U~ dZ = F(z)  2x U s 
~T r u;' O) 

where  • = ZU~, Z = ~2/v, t~ is  the m o m e n t u m  th ick-  
ness ,  and U~ is  the de r iva t ive  of ve loc i ty  U s with r e -  
spect  to r .  

In the reg ion  of the s tagna t ion  point  (according to 
the data of [2], th i s  r eg ion  fal ls  in  the range  0 < u <- 
-< ~m'), the v a r i a t i o n  of the r e l a t ive  axial  ve loci ty  of 
the jet  Us, taken as  the ve loc i ty  at the ou te r  edge of 
the  boundary  l aye r ,  ove r  the rad ius  of the disk, i s  
de t e rmined  by the equat ion 

_ 3  

0 s = a t - -  br . (2) 

The p a r a m e t e r s  a and b depend on the r e l a t ive  d i s -  
t ance  of the nozzle  f rom the plate h and a re  equal to 

- - 0 . 2 2  --0,42 

when h-~6 .2  a =  1.5h , b = 0 , S h  ; 

--1.54 _--2.94 
when h>/6 .2  a =  16.1h , b =  47h �9 (3) 

The in teg ra t ion  of (1) r educes  to a quadra ture ,  
s ince  the funct ion F(x)  in  the in t e rva l  between the 
s tagnat ion  point (x 0 = 0. 057, k 0 = 4. 716) and the point  
r m  (~m = 0, k m =  0) may  be replaced,  with a good 
approximat ion ,  as shown in  [4], by the s t ra igh t  l ine 
F(~) = O. 47 - 8~. Then (1) is rewritten as 

dZ _ 1 (0.47~8• 2• U s ) _  ~ -  
dr U s . r U~ ' 

o r  

dr + Z  + 8 - G - ~ , -  u, 

The solut ion is  e l e me n t a r y :  

= 0.047 do F (k72), 

Uoa(  I - - ~ 2 )  8 

where  k = b / a  and  

_2 35 _2 4 175 
f ( k r  ) :  l - -  kr 4- 15k~r ~ - - k 3 r 6 - }  - 

6 8 

1 ~4 21 k~/~ + 3 5 _ k 6 / ~ - _ _ k 7 7  . 
2 11 24 

175 s 
k 4 y - -  

9 

The quantity k~ 2 varies in the limits 0 to 0.33. The 

function F(kr 2) in the range of variation of kr 2 indi- 

cated may be approximated by the expression F(kr 2) = 
= (1 - k~2)5.6; then we finally obtain 

0.o47 do 
Z= 

From the relation between Z and the momentum thick- 
ness ~ (Z --- ~2/u), we calculate the momentum thick- 

ness 

0,047 do 11/~ 
~ - -  U o a (1 - -  k~~) 24] 

Accord ing  to [5], the th i ckness  of the hyd rodynam-  
ic boundary  l a ye r  i s  de t e rmined  by the equat ion 

#/~ = 37/315 - -  k/945 - -  k~/9072. 

Between the second shape factor ~ and the first, ~, 

there is a universal relation [5] 

= (37/315 - -  )4945 - -  U/9072) 2 ),, 

which deviates only slightly, especially in the region 
of the stagnation point, from the line x = 0.012k. 

Then 

37/3i5 --  M945 -- k~/9072 = (0.0!2) ~~ and 8/6 = 0.10"95. 

From the last expression, the thickness of the hydro -~ 

dynamic boundary layer is determined as 

6 1.97do/a '~ Re~ (1 _.2~1.2 = - -  ~ r  ) �9 ( 4 )  
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Fig.  1. Heat t r a n s f e r  coeff icient  at the stagnation 
point:  1) when d o = 40 m m  and Re 0 = 31 000; 2) 31 
and 40 000 (authors '  data); 3) 16.5 and 10 000 to 
30 000 (tests of [8]); 4) 178 and 40 000 to 550 000 
(tests of [7]); 5) 6 .35 and 7000; 28 000; 56 000 
(tests of  [6]); 6) accord ing  to Eqs.  (9) and (10). 
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Fig. 2. Variation of local heat trans- 
fer coefficients over the disk radius 
in the gradient  flow region (0 ~ ~ -< 
-< ~m): a) ca lcula t ions  accord ing  to 
(7) and (8); b) tes t  data of  [6] fo r  l~ = 
= 2 (1), 6 (2), and 8 (3); c) au tho r s '  

exper iments  with ~ = 10. 
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Fig .  3. C o m p a r i s o n  of t e s t  da ta  on mean  hea t  t r a n s f e r  
coef f i c ien t  in the  s t agna t ion  point  r eg ion  (0 -< r -< r m )  
with  theory-  a) when h < 6 .2 ,  A = [~u 0 R~ / {prl/3-h ~ x 
x [1 - (1 - R2/3h~ 2.2]}-I [1) when d o = 31 mm,  h = 
= 1 . 5 - 6 . 0  and~t  = 0 .83;  2) 40; 1 . 5 - 6 . 0  and 0 .62;  3) 20; 
5 and 1.25,  au thor s  ~ e x p e r i m e n t s ;  4) !78;  1 . 4 - 2 . 8  and 
0 .28,  t e s t s  of [7]; 5) a c c o r d i n g  to Eq. (11); b) when ~ > 
> 6 .2 ,  A = [~u 0 R21/{prl/3h~ .- (1 - 2.92R2/hl'a)2"2]} -1 

[6) when do = 31 ram, h = 8 -24 ,  R = 0.83; 7) 8; 35 and 
3.12; 8) 12; 13 and 2.08, authors~ tests; 9) 16.5; S and 
0.5,  t e s t s  of [8]; 10) 8S; 8 and 1.5, t e s t s  of [9]; 11) a c -  

c o rd ing  to Eq. (12)]. 

Q8 o 
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To find the  hea t  f lux a t  the  wa l l  qw and the  h e a t  t r a n s -  
f e r  c o e f f i c i e n t  a we u s e  the  o b v i o u s  equa l i t y  

q~, = - -  ~ i a ~ / a ~ ) ~ , = o  = ~ G ,  - t~), 

o r  

g=0 
(5) 

This requires a knowledge of the temperature distribu- 
tion in the boundary layer, which, for constant tem- 
perature of the whole surface of the disk, we assign in 
the form of a polynomial of fifth degree 

t = a + btJ + ey  2 + dg  ~ + ev  4 q- [y~. (6) 

To f ind the  c o n s t a n t s  in  (6), we u s e  the  b o u n d a r y  c o n -  
d i t i ons  

when  y = O t = t'~, O~ t/Oy ~ = 0; 

w h e n y = S t  t = G ,  a t / @  = o,  o~t/o9 ~ = 0,  Oay /@ a = O. 

U s i n g  t h e s e  cond i t i o n s ,  (6) m a y  be  w r i t t e n  in  the  f o r m  

t = G,  t~) (2.5 U/5, - -  5 ya/6~ + 5 ~/5~ - -  1.5 Vs/Sb. 

We sha l l  e v a l u a t e  the  t e m p e r a t u r e  g r a d i e n t  at  the  wa l l ,  
(0t/0y)y=0, and s u b s t i t u t e  i t  in  (5) to  ge t  c~ = 2 . 5  k /5  t .  

In o r d e r  to  i n t e r r e l a t e  the  t h i c k n e s s e s  of the  t h e r -  
m a l  and h y d r o d y n a m i c  b o u n d a r y  l a y e r s ,  we sha l l  u s e  
the  r e l a t i o n  d e r i v e d  fo r  l o n g i t u d i n a l  f low o v e r  a u n i -  
f o r m l y  hea ted  p la te ,  6 t /5  = 1 / 1 .  026 P r  2/3. 

Thus ,  the  d i s t r i b u t i o n  of l o c a l  hea t  t r a n s f e r  coe f f i -  
c i e n t s  o v e r  the  d i sk  r a d i u s  in  the  v i c i n i t y  of the  s t a g -  
n a t i o n  po in t  (0 _< r -< r m )  w i l l  be  

or ,  

~ , -  l '3LaV~" Pr !:~ Reo/` (1 --k~e)  le, 
do 

in dimensionless form, 

9 

Nuo = 1 , 3 a  '~ Pr !'~ Re'o/" (I -- kr-) l'z . 

S u b s t i t u t i n g  the  v a l u e s  of a and  k in  the  l a s t  equa t ion ,  
we o b t a i n  the  d i s t r i b u t i o n  of l o c a l  hea t  t r a n s f e r  c o e f -  
f i c i e n t s  as  a f u n c t i o n  of h- 

when  h <. 6.2 

i / 2 0.2~l.2 --0,11 
N u o = l . 6 P r ~ R e o / ~ [ 1 - - r / 3 h  ) h , (7) 

4d~-{ 7 -- o,a on  . t h e n  the  m e a n  hea t  t r a n s f e r  c o e f f i c i e n t  
over the disk is found from the expression 

R ,! .... ~ t?. 2 2 ~ .  rdr,  

or ,  a f t e r  i n t e g r a t i o n ,  

~. - P F ' " ~  1 - - ( 1  - ~ " - ) ~ - '  

d o a- ' : ,  k t~"  

R e p l a c i n g  a and k in  the  l a s t  e x p r e s s i o n  by  t h e i r  v a l -  
u e s ,  we f i n a l l y  o b t a i n  

when  h <  6.2 N-u0 = 2.16Pr ~' RoI, '~ x 

i ( ~2 " ' ~ ' 2 ] - ~  ~' (11) x 1 - - , . 1 - - 3 ~ o . 2  } ] h  R , 

when  h >6 .2  Nuo = 0.815Pr': '  Rel/: x 

x 1 - -  1 )~,.4 ~o.63/~ 2. (12) 

The  e x p e r i m e n t a l  i n v e s t i g a t i o n s  w e r e  c a r r i e d  out  on 
e q u i p m e n t  f o r  wh ich  a d i a g r a m  and c o n s t r u c t i o n  d e -  
t a i l s  w e r e  g iven  in  [2]. In  i n v e s t i g a t i n g  the  loca l  c o -  
e f f i c i e n t s  at the stagnation point, use was made of the 

fact that when ~ -< 0.5 ~m, the velocity ~s ~ a~, 
while the mean heat transfer coefficient deviates 
negligibly from the local coefficient. Therefore, to 
determine the local heat transfer coefficients, a com- 
pensating heat transfer element, blown upon by noz- 

zles d o = 20 and 30 mm in diameter was located at 
the frontal point at the center of the disk. 

The results of the tests are shown in Fig. 1o Also 

presented are the test data of [6-8], which show sat- 

isfactory agreement with the theoretical curves ac- 
cording to (9) and (10). The tests embrace the range 

of variation Re 0 = 7000-550 000. 
Comparison of the theoretical relations (7) and (8) 

with test data of [6] (Fig. 2) shows that there is good 
agreement when h -< 6.2. For larger h the divergence 
of the test data of [6] from the theoretical relation (8) 
reaches 15%. 

The correlation in Fig. 3 spans a wide range of 

variation of Re 0 = 3800-550 000 and ~ = Io 4-24. The 

average scatter of the test data does not exceed 15%. 

when  h > 6.2 

Nuo = 5.25 Pr !:~ Re'0/'(, 1 - -  2 92r-2/h i ,4~ 1,2) -h-~ (8) 

Le t t i ng  r = 0 in  (7) and (8), we o b t a i n  the  v a l u e s  of 
the  h e a t  t r a n s f e r  c o e f f i c i e n t  at the  f r o n t a l  poin t :  

_ - - 0 .  I l 

when  h <, 6.2 Nu,, = 1.6 Pr ''~ Rel/@ , (9) 
~/ ._--0.77 

when-h > 6.2 NuK = 5.25Pr ~' Reo ~h (10) 

If the  d i s k  i s  e n t i r e l y  l o ca t ed  in  the  r e g i o n  R --< r m ,  
w h e r e  w h e n  f f C  6 .2  r m = do ~0.1 and when  h > 6.2 r~ =- 

NOTATION 

d 0- nozzle diameter; r-variable disk radius; rm-distance from 

disk center to point corresponding to maximum value of axial velocity 

(stagnation point region); R-radius of disk; b-distance from nozzle 
to heat transfer surface; r = r/d0-reduced variable radius; ~ = R/d 0- 
dimensionless disk radius; ~ = h/d0-relative distance from nozzle to 
disk surface; tw-temperature of surface; Go-temperature outside 
boundary layer; Us-velocity at outer edge of boundary layer (axial ve- 
locity of jet); U0-diseharge velocity; ~s = Us/U0-dimensi~ veloc- 
ity at outer edge of boundary layer; c~-locat heat transfer coefficient; 
"~-mean heat transfer coefficient; Re 0 = U0d0/v-Reynolds number; 
Nu0 = ad0/k-local Nusselt number; ~u 0 = ccd0/k-mean Nusselt num- 
ber; NuK--Nusselt number at stagnation point. 
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