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A functional dependence of the hea t - t r ans fe r  intensity at the stagnation line of plane jet impinge- 
ment on an obstacle on the pulsation component of the s t r eam velocity is estabIished. 

A line (point) of total s t r eam decelerat ion is formed during impingement of uniform s t r eams  and jets on 
different obstacles (sphere, cylinder,  flat and concave surfaces ,  turbine buckets, etc,),  near  which a special  
domain with a complex hea t - t r ans fe r  mechanism is formed.  

Investigations of the heat t r ans fe r  in the neighborhood of the stagnation line (point) are  based, as a rule, 
on the representat ion of the heat t r ans fe r  in the boundary layer  being formed on the obstacle.  Thus, the solu-  
tion of a sys tem of boundary- layer  motion and energy equations is used in investigating the heat t ransfer  in the 
neighborhood of the impinging line of a plane jet over  the surface in [1]. It was hence noted that the velocity 
pulsations of the impinging jet exert  substantial influence on the heat emission intensity. The magnitude of 
these pulsations is defined near  the obstacle by both the degree of s t r eam turbulence outside the domain of its 
interaction with the obstacle and the t ime-averaged  velocity distribution in this domain. 

Let  us examine interaction between a plane turbulent jet and a wall. The degree of jet turbulence near 
the wall is taken equal to the degree of f ree  jet turbulence at a corresponding distance f rom the nozzle exit in 
the major i ty  of published papers.  However, the results  of determining the degree of turbulence on the jet axis 
somet imes  differs more  than two-fold [2, 3] according to the data of different authors.  The velocity pulsations 
and the average  velocity during impingement of a jet on an obstacle were measured  in [1, 4, 5]. According to 
the data in [4, 5], a diminution in the average  velocity occurs  in an interaction domain whose dimension in the 
jet axis direct ion ~ = y /d  0 does not exceed 1.2-1.3, and depends weakly on the initial degree of s t r eam turbu- 
lence, the number Re, and the relat ive distance between the nozzle and the wail. A diminution in the pulsating 
velocity component is also observed in this domain; however, the rate or its variat ion is considerably less 
than for  the average  velocity. 

We take the change in average  velocity along the jet and the extent of the interaction domain as the 
pa ramete r s  charac te r iz ing  jet interaction with the obstacle.  

Investigations were per formed on an a i r  test  stand in which a plane jet is formed during the outflow of 
the working body f rom a flat channel through a slot in its wall. The peculiari ty of such an outflow is the a s y m -  
me t ry  of the velocity profile and the incomplete filling of the slot section by the jet. The case of jet outflow 
f rom the slot into a bounded volume represent ing a rectangular  cavity is considered.  The jet flow in such a 
cavity differs f rom the ordinary  scheme of jet impingement on an infinite flat obstacle considered in that after  
collision with the wall the jet spreads  along the surfaces  bounding the cavity in opposite direct ions.  Conse- 
quently, two circulation domains a re  formed whose interaction with the jet is evidently explained by the more  
intense diminution in the jet velocity along the axis than in the case of a f ree  jet. 

The maximum jet velocity c o at the slot exit var ied between 35 and 120 m/sec ,  while the relative dis-  
tance h = h/b 0 var ied within the range 5 -< h -< 37. The number Re 0 = c0b0/v hence var ied between 0.5.104 and 
5 �9 104, while the number M 0 did not exceed 0.35. The velocity profile at the slot exit varied between rectangu- 
lar  and a profile with compact  boundary layers .  

T rave r s ing  the jet along its length and in the domain of interaction with the wall was per formed by total 
and static p re s su re  microprobes  with 0.6-ram diameter  of the receiving section. In addition the p res su re  on 
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Fig.  1. P a r a m e t e r  distr ibution during plane jet  impinge-  
ment  on a wall [1, 2, fo r  a r ec tangu la r  veloci ty  prof i le  at  
the s lot  exit; 3, 4, for  the in te rmedia te  profi le;  and 5, 6, 
fo r  the profi le  with the compac t  boundary layers ] :  a) r e l a -  
t ive  total  and s tat ic  p r e s s u r e  dis tr ibut ion as  a function of 
the re la t ive  d is tance  to the s lot  exit; b ) m a x i m u m  re la t ive  
veloci ty  dis t r ibut ion in the jet  as  a function of the re la t ive  
dis tance to the s lot  exit;  c) dependence of the extent of the 
in teract ion domain on the re la t ive  d is tance  to the s lot  exit  
(7 is f r o m  data in [5]). 

the wall su r face  was m e a s u r e d  by dra ins  and was compa red  with the resu l t s  f r o m  the t r ave r s ing .  

The scheme  of jet  impingement  on an obs tac le  is p resen ted  in Fig.  1, where  the total  and stat ic  p r e s s u r e  
dis t r ibut ion along the jet  and in the domain of interact ion is r ep re sen t ed  in the fo rm of the d imens ion less  quan-  
t i t ies  

p , _  P* - -  Po , p= P - -  Po 

p -~- p -y 

where  P0 is the s ta t ic  p r e s s u r e  at  the s lot  exit  and p is the a i r  density.  

The change in P* along the jet  {Fig. ia )  turns  out to be analogous to the change in the total  p r e s s u r e  in 
the f r ee  jet.  The exception is a sect ion of smal l  extent nea r  the wall, where  its influence s t a r t s  to be felt .  As 
is seen f r o m  the f igure ,  the dis tr ibut ion of P*  in the jet depends on the comple t eness  of the veloci ty  profi le  at  
the exit .  As the b o u n d a r y - l a y e r  th ickness  i n c r e a s e s  the kinet ic  energy  lo s ses  inc rease  and the cu rves  of the 
change in P*  pass  below. Af ter  the jet  l eaves  the slot ,  the s ta t ic  p r e s s u r e  P is reduced somewhat  while con-  
se rv ing  a constant  value fo r  sufficiently high h just  as  is obse rved  in f r ee  jets ,  and is e levated to the value P = 
P*  at  the wall in the domain of jet  in teract ion with the wall.  The initial ve loci ty  profi le  in the jet  hence exe r t s  
a definite influence on the s ta t ic  p r e s s u r e  dis t r ibut ion.  

The change in maximal  veloci ty  along the jet  ~ = c / c  0 is in good a g r e e m e n t  with the regu la r i t i e s  c h a r a c -  
t e r i s t i c  fo r  f r ee  je t s  with a co r respond ing  initial ve loci ty  profi le .  The exception is the domain of jet  in te r -  
act ion with the obs tac le .  I ts  boundary cannot be defined r igorous ly  in expe r imen t  since the s t r e a m  p a r a m e t e r s  
approach  the f r e e  jet  p a r a m e t e r s  a sympto t i ca l ly  with dis tance f r o m  the wall. The curve  of the veloci ty  change 
during pas sage  f r o m  the main jet  sec t ion  to the domain of in terac t ion  with the wall changes the cu rva tu re  
sharp ly .  The dis tance  be tween  the wall and the point of the change in cu rva tu re  Yb = Yb/b0,  p rov i s iona l ly t aken  
as  the boundary between the jet  and the in teract ion domain,  is d e t e r m i n e d b y  s ta r t ing  f r o m  the following con-  
s idera t ions .  As is seen  f r o m  Fig.  lb ,  the change in veloci ty  along the jet  outside the interact ion domain has 
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the same regular i ty  for a different distance to the wall and the same initial velocity profile at the slot exit. 
The diminution in the velocity c in the domain of jet interaction with the wall is of se l f - s imi la r  nature and 
depends uniquely on the relative distance y = y /b  0 measured  f rom the wall, the number Re 0, the relative dis-  
tance between the slot and the wall, and the coefficient of the velocity profile shape K s . This dependence can 
be approximated by the expression 

C = 0.525 �9 10 - 4  Re0 ~-0"68 ~ / y g  s , (1) 

Go 
where K s - 1 l" codGo and G O is the discharge of the working body through the slot. 

Co max Go ~' 

Investigations of plane jet impingement on an obstacle in broad ranges of h, Re 0, Ks showed that the ex- 
tent of the interaction zone is determined uniquely by the relative distance h: 

9b = 0.28~. (2) 

The dependence (2), which genera l izes  the experimental  mater ia l  of this r e sea rch  and of [5], is r ep re -  
sented in Fig. lc .  Despite the fact  that the initial degree of turbulence var ied substantially in [5], and the im- 
pingement of an ax i symmet r ic  and not a flat jet was investigated, as occurs  in this paper, the agreement  be- 
tween the resul ts  can be considered sa t i s fac tory .  

The hea t -emiss ion  coefficients on the wall surface were determined during the experiment by the method 
f rom [8], wh iehpe rmi t s t ak ing  account of heat losses  by radiation and leakage along the e lect r ical  heater  fi la- 
ments.  Heat leakage through the plate on which the e lec t r ica l  heater  f i laments were glued was determined by 
solving a two--dimensional s tat ionary heat-conduction problem on an ~GDA-9/60 integrator.  As a result  of 
taking all these heat losses  into account, good reproducibi l i ty  of the resu l t s  was achieved successful ly,  andthe 
random error '  in determining the hea t -emiss ion  coefficients was reduced to 3-4%. 

According to our representat ions ,  the heat t r ans fe r  on the obstacle surface is due to the velocity of the 
impinging flow, the dissipation of its kinetic energy, the thermal  radiation and heat conduction. Since the t em-  
pera ture  of the incoming s t r eam in our and analogous tests  is close to the obstacle temperature ,  the radiant 
heat t r ans fe r  can be neglected. Moreover,  we note that in direct  proximity to the wall the magnitude of the 
average  velocity is ~ ~ 0. Therefore ,  the heat t ransfer  at the jet stagnation point on the wall can be de ter -  
mined by the longitudinal turbulent velocity pulsations near the wall, the phenomenon of heat conduction, and 
s t r eam kinetic energy dissipation. 

Taking the above into account, the equation of turbulent t ransfer  in an incompressible  fluid s t r eam [9] 
can be written in the form 

dT ~. d 
q = 9cl~u~T'--~ dg 2 c~ dg (u~). (3) 

The third t e rm in the right side of (3) corresponds  to the quantity of heat appearing because of dissipation 
of kinetic energy of the turbulent pulsations. This t e r m  can be discarded since it turns out to be of second 
order  compared  to the t e rms  corresponding to the heat t r ans fe r  by turbulent pulsations and heat conduction 
according to es t imates  made in the case of moderate  flow velocit ies.  

Taking this into account, we obtain f rom (3) 

= Pct'u~' A~T- - -  ~" - -  " (4) dy 

Since the change in the average  s t r eam velocity ~ near the wall is universal  in nature according to {1), it 
can be assumed that the change in the tempera ture  and the pulsating velocity component in the interaction do- 
main is also descr ibed by universal  dependences for  obstacles of different shape. 

According to the Prandt l  hypothesis, the pulsating tempera ture  component in a s t r eam can be represented 
in the fo rm 

dT 
T ' =  lr (5) 

dy 

Dividing both sides of (5) by AT, we obtain the expression 

- -  I T  , 

aT -~y 
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which becomes  a f t e r  s imple manipulations 

where 1T = lT/Yb; Y : Y/Yb. 

T' --'it d ( .T I (6) 
AT ~ \ A T /  ' 

It follows f rom the assumption of universa l i ty  of the re la t ive  average  t empera tu re  distribution in the 
dimensionless  coordinate  that for  a given y we have the rat io  T ' / A T  = coast .  There fore ,  (4) can be r e p r e -  
sented in the f o r m  

r = Any + B, (7) 

where A = pcpT ' /AT;  B = ) ,T ' / ( /TAT) .  

It is in teres t ing that the express ion  presen ted  in [1] for  the local hea t -emiss ion  coefficients  at  the stag-  
nation point 

Nu0 ---- ~ 3  ] / ~  (0.496 -b 0.867 K ~  ~ 1 d Reo sin (p), (8) 

obtained by solving the sys tem of boundary- laye r  equations, can be conver ted  to a f o rm  s imi la r  to (7): 

where 

~-----A'uy-~ B', (9) 

30.867 K~ 30.496 ~, - - -  
A ' =  , B ' - -  VRe0, 

va bo~O. 6 

and a is a coefficient  connecting the degree  of turbulence de termined  by the local veloci ty in the jet  and the 
veloci ty  at  the nozzle exit .  Although the fac tor  B' is not a constant  in principle,  its change is an o rde r  of 
magnitude less  than the change in the f i r s t  t e rm,  i . e . ,  dependence (9), exact ly  as (7}, can be approximated by 
a s t ra ight  line. 

Since the law of var ia t ion of the pulsating veloci ty  component in the domain of jet interaction with the 
wall is unknown, it is expedient  to connect  the hea t -emiss ion  coefficient  to Uy on the boundary of this domain 
(37 = 1.0) and to find the coeff icients  A and B in (7) by s tar t ing f rom this.  

The validity of (7) can be i l lus t ra ted by the resu l t s  of exper imenta l  investigations to de te rmine  the heat-  
emiss ion  coefficient  at the stagnation point for  different  jet impingement conditions on the obstacle.  The de-  
pendences of the hea t -emiss ion  coeff ic ient  ~ at  the stagnation point on the pulsating veloci ty component of the 
impinging s t r e a m  a re  presented  in Fig. 2. The lines I, VI, VII const ructed f rom the resul ts  of our  exper iments  
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Fig. 2. Dependence of the hea t -emiss ion  coef-  
f icient  a ,  W /m  2 .deg,  a t the  stagnation point (line) 
on the longitudinal pulsating veloci ty component 
Uy, m / s e c ,  of the impinging s t ream;  for  a plane 
jet  according to the authors '  data: 1) Uy de t e r -  
mined by [2]; 2) by [3]; 3) by [7]; according to 
data f rom [1]: 4) under the assumption that the 
veloci ty  profi le  is at  the exit of a nozzle with com-  
pact boundary layers ;  5) a rec tangular  veloci ty 
profi le;  for  a cyl inder  according to data in [6]: 
6) Tu = 7%; 7) 15; 8) 1.2; 9) fo r  an ax i symmet r i c  
je t  according to data in [4]. 

@ 
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cor re spond  to he a t - em i s s i on  conditions on the spreading  line of a plane jet  for  12 -< h -< 37 and 0.5 �9 104 -< Re 0 -< 
5.104, when the magnitude of the pulsat ing veloci ty  component  was de te rmined  as a function of the degree  of 
turbulence on a f ree  je t  axis by data p re sen ted  in [2, 3, 7], r e spec t ive ly .  Let  us note that the line I c o r r e -  
sponds well to the expe r imen ta l  values  of a p re sen ted  in [1] for  h = 12 if it is  a s sumed  that a veloci ty profi le  
with compact  boundary l aye r s  o c c u r r e d  at the nozzle exi t  in these  expe r imen t s .  A rec tangu la r  veloci ty  profi le  
a l t e r s  the curva tu re  of the dependence of the h e a t - e m i s s i o n  coeff icient  on the pulsat ing veloci ty  component  
somewhat  (line II). Since no assumpt ions  were  made cons t ra in ing  the fo rm of the impinging s t r e a m  in der iving 
(7), it can apparent ly  be applied to de te rmine  a for  o ther  shape obs tac les  and s t r e a m  impingement  c a s e s .  In 
fact ,  the line III in Fig.  2 co r r e sponds  to heat t r a n s f e r  at the fo rward  stagnation point of a c i r cu l a r  cyl inder  
(50-mm diameter )  under  a t r a n s v e r s e  flow around it by a uniform a i r  s t r e a m  with the degree  of turbulence 7 
and 15%, the num ber  Re = (0.3-8) �9 105, and the blockage fac tor  0.25 [6]. Resul ts  of an exper imen t  for  even a 
compara t i ve ly  low (1.2%) degree  of incoming s t r e a m  turbulence (line IV) are  approximated  well by a line. 

The dependence of a on the pulsat ing veloci ty  component ,  obtained for  an a x i s y m m e t r i c  jet  [4], can also 
be desc r ibed  by (7) althougl~ it has coeff icients  A and B different  f rom the cor responding  coeff icients  obtained 
in other  t e s t s  (curve V). 

In conclusion,  we note that the different  slope of the l ines (Fig. 2) obtained on the bas i s  of p rocess ing  the 
r e su l t s  of our  expe r imen t s  and the data of o ther  authors  is caused by the fact  that authors de te rmine  the pul-  
sat ing veloci ty  components  different ly .  Moreove r ,  as a rule the conditions for  conducting the exper imen t  are  
not identical  (the poss ib i l i t i es  of the exper imen ta l  se tups  and the measu r ing  appara tus  are  dis t inct ,  the tes t s  
a re  conducted for  different  working body p a r a m e t e r s ) .  With r e g a r d  to the h e a t - e m i s s i o n  coeff icients  obtained 
by the dependences p resen ted  in Fig.  2, they turn out to be sufficiently close for  comparab le  exper imen ta l  con- 
ditions (the d i sc repancy  does not exceed 15%). 

N O T A T I O N  

b0, jet  width at the slot exi t ;  h, dis tance between the slot exit  and the walt;  ~ = h/b0, its d imens ionless  
f o r m ;  P*, P, total  and s tat ic  p r e s s u r e s  on the jet  axis ;  p, densi ty;  c,  average  s t r e a m  veloci ty;  Yb, extent 
of jet  in terac t ion  with the wall in the y di rect ion;  Ks,  coefficient  of prof i le  shape;  G, working body d i scharge ;  
T, average  s t r e a m  t e m p e r a t u r e ;  T ' ,  t e m p e r a t u r e  pulsation in the s t r e a m ;  v, average  veloci ty in the channel; 
Uy, pulsat ing veloci ty Component in the y di rect ion;  AT, di f ference between the wait and the average  s t r e a m  
t e m p e r a t u r e s ;  A, heat-conduct ion coeff icient ;  q, specif ic  heat  t r a n s f e r r e d  to the pla te ;  Cp, specif ic  heat;  
a ,  h e a t - e m i s s i o n  coeff icient ;  lT,  mixing path of the turbulent  t e m p e r a t u r e  pulsa t ions;  v, k inemat ic  v i scos i ty  
coeff icient ;  ~, angle between the plane of jet  s y m m e t r y  and the plate;  Nu= o~b 0 /A,  Nussel t  number ;  Re = 
cb0/v, Reynolds number .  The subscr ip t  0 r e f e r s  to the p a r a m e t e r s  at the slot  exit .  
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