
HEAT TRANSFER FOR A PLANAR AIR JET 

A CONCAVE SURFACE 

E. P. Dyban and A. I. Mazur 

STRIKING 

UDC 536.244 

Resul ts  a r e  p resen ted  f r o m  an expe r imen ta l  study of the local  and m e a n  heat  t r a n s f e r  
r a t e s  when a r ec t angu la r  jet  e a t e r s  a re la t ive ly  shor t  concave body of parabol ic  prof i le .  

Appropr ia t e  expe r imen ta l  evidence is  lacking, so it i s  usual to calculate  the heat  t r a n s f e r  fo r  a jet  
en te r ing  a concave region via  re la t ionships  deduced fo r  c i r c u l a r  and r ec t angu la r  j e t s  s t r ik ing  planes pe rp en -  
d icu lar  to the flow [1, 2]. It has been  shown [3] that this approach  can produce cons iderable  e r r o r s  fo r  the 
h e a t - t r a n s f e r  coeff ic ients ,  even  a s  averaged  o v e r  the sur face .  

These  expe r imen t s  were  done with a jet  s t r ik ing  a parabol ic  concave slot  having R = 5 ram fo r  the 
radius  of the c i r c l e  insc r ibed  at the ve r t ex  {Fig. 1), which had been machined f r o m  a rod of tufnol 60 m m  
thick.  This  concave space  had h / H  = 2.5, and in the plane of s y m m e t r y  were  placed r ec t angu la r  nozzles  
having waist ing f ac to r s  of 2.8-4.0,  widths b of 2.5-3.5 ram,  and d is tances  h to the c r i t i ca l  point of 5.2-32.5 
r am.  P a r a l l e l  to the axis  there  were  g rooves  containing eopper -cons tan tan  the rmocoup les  0 . t  m m  in d i a m -  
e t e r .  The su r face  bore  four  s t r i p s  of pe rmal loy  0.1 m m  thick.  The h e a t - t r a n s f e r  coeff ic ients  were  d e t e r -  
mined at the midpoints  of these  s t r ips ,  17 m m  wide, which had identical ly disposed the rmocoup les .  The 
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Fig.  1. Typical  d is t r ibut ion of the local  h e a t - t r a n s f e r  
coeff ic ients ,  W/mf -deg ,  o v e r  a parabol ic  concave s u r -  
face  (dis tances  in ram,  Re o = 2.5 �9 t 0 - 4  h = 11.2) r e -  
ceiving a r ec t angu la r  jet  with k of: 1) 1.0, 2) 0.71, 3) 
0.64; 4) r ec t angu la r  jet  s t r ik ing  a plate perpendicu la r  
to the flow [1]. 
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Fig. 2. Heat t r a n s f e r  at the c r i t ica l  point on a concave s u r -  
face for: 1) h = 2.64; 2) 4.17; 3) 4.89; 4) 7.2; 5) 11.2; 6) 11.4; 
7) 13.0; 8) h / d  = 2.11 (round jets); 9) h = 14.0 [1]; I) f rom (1). 

two edge s t r ips  acted as thermal  guards .  The cur ren t  needed in each s t r ip  was measured  with a grade 0.5 
wat tmeter  of type D-529, while the thermocouple  emf was recorded  with a PPTN-1  potent iometer  employing 
a M 195/2 m e t e r  as null detector .  The a i r  t empera ture  at the entry to the nozzle was monitored by copper-  
constantan thermocouples .  At the exit f rom the device was a mixing chamber  having a perforated copper 
disc that gave the m a s s - m e a n  tempera ture .  

Ten thermocouples  were used to moni tor  the heat loss f rom the outside of the device, as well as an 
ITP-4 hea t - loss  indicator  [4]. The two methods of measur ing  the loss agreed very  closely.  There was 4 -  
15~c difference between the amounts of heat (as co r r ec t ed  for  the loss) as deduced f rom the e lec t r ica l  input 
and f rom the enthalpy change in the a i r  between inlet and outlet. 

The a i r  speed at the exit f rom the nozzle ranged f rom 20 to 320 m / s e e .  The surface tempera ture  did 
not exceed 80~ 

Most of the nozzles provided a symmet r i ca l  distr ibution of the air  flow af ter  division of the jet at the 

c r i t ica l  point (k = G1/G 2 = 0.9-1.1).  

Two of the nozzles  were such as to give k of 0.71 and 0.64 (unsymmetr ical  flow division). Also, the 
rec tangular  nozzle in one case  was replaced by one with three  holes 5.6 m m  in d iameter  whose axes were 
16 mm apar t .  

Figure 1 shows that the local heat- t rm~sfer  coefficient has a cha rac te r i s t i c  U distribution with a p ro -  
nounced minimum at the cr i t ica l  point and two peaks at a cer ta in  distance between the cr i t ical  point and the 
end of the nozzle. 

Curve 1 is fo r  the case k = 1.0, with the plane of s y m m e t r y  of the jet coincident with that of the slot. 
If the nozzle is turned through 5 ~ relative to the longitudinal axis, the curve remains  U-shaped but the peaks 
become unequal, ~ t h  a r i se  to the side to which the nozzle is turned and a fall on the other  side (curve 2). 
L a r g e r  angles produce a third peak, evidently because of marked flow const r ic t ion  by the nozzle i tself  (curve 
3). 

Curves 1, 2, and 4 show that the distr ibution of the local hea t - t r ans fe r  coefficient ~ differs substan-  
tially as between a shallow concavity and a plate perpendicular  to the flow, which is due to the hydrodynamic 
conditions in the two cases .  A plate turns  the jet through about 90 ~ whereas a shallow concavity produces 
nearly twice this angle, and so one expects a stagnant zone near the c r i t i ca l  point in the lat ter  case .  Also, 
the flow speed is increased  appreciably af ter  rotat ion through 180 ~ in par t  f rom reduction in the effective 
a rea  of the boundary layers  at the boundary between the oppositely directed flows. 

The following empir ica l  relat ion represen ts  the heat t r ans fe r  at the cr i t ica l  point (Fig. 2) to :~10%: 
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Loca l  heat  t r a n s f e r  on a concave  su r face :  h = 2.64; 
2) 4.17; 3) 4.89; 4) 7.2; 5,6)  11.2; 7) 13 (for k = 0.71); I f r o m  
(2) and (2a). 
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]Fig. 4.  Mean  heat  t r a n s f e r  on a pa r t  of length 2~*: 1) h = 2.64; 
2) 4.17; 3) 4.89; 4) 7.2; 5) 11.2; 6) 11.4; 7) 13.0; 8) h / d  = 2.11 
( round jets) ;  I f r o m  N---u = 0.298 Re~'62h "~'31 fo r  h > 7 [1]; II f r o m  
Nu = 0.14 Re~'Vff -~ fo r  h < 8 [7]; III f r o m  (4) and (4a). 

Nu n = 0.31 ReO.~h --~ , (1) 

whiohap[ ) l i e s  f o r 3 . 1 0  3_<Re 0 _ 1 .2 .105 a n d 2 . 6  -<h-< 13. The dec i s ive  quant i ty  i n N u  k a n d  Re 0 is the h y -  
d r au l i c  d i a m e t e r  of the r e c t a n g u l a r  nozzle;  the speed  was ca lcu la ted  fo r  the end of the nozzle ,  while the 
phys ica l  p a r a m e t e r s  w e r e  deduced f r o m  the a i r  t e m p e r a t u r e  at the exit  f r o m  the nozzle .  

F igu re  2 shows r e s u l t s  [1] f o r  heat  t r a n s f e r  at the c r i t i c a l  point when a r e c t a n g u l a r  jet  s t r i k e s  a plate 
p e r p e n d i c u l a r  to i t .  The r e s u l t s  f o r  equal  h show that  the s tagnant  zone nea r  the c r i t i ca l  point in the con-  
cav i ty  r e d u c e s  the h e a t - t r a n s f e r  r a t e  by about 30~c r e l a t ive  to that  at the s a m e  point on a plate .  

F igu re  2 a l so  shows r e su l t s  f o r  a nozzle  with t h r e e  c i r c u l a r  holes ;  as  def ini t ive  d imens ion  in Nu k and 
Re 0 we took [5] the s e p a r a t i o n  (16 mm) of the ho les .  No s y s t e m a t i c  s tudy has b e e n  made  on a s y s t e m  of 
round je ts  en t e r ing  a concavi ty ,  so  we can  only a s s u m e  that  the re  is no e s sen t i a l  change in the f o r m  of the 
equation;  but the h e a t - t r a n s f e r  r a t e  in the jet s y s t e m  is h igher  by about 40~c than  that  in a r e c t a n g u l a r  jet 
having  the s a m e  flow ra t e  and s a m e  d i s tance  (h = 11.5 ram) to  the c r i t i ca l  point.  
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We p r o c e s s e d  the resu l t s  on ~ fo r  the concavity on the assumpt ion  that  the flow speed v a r i e s  l inear ly  
f r o m  zero  at the c r i t i c a l  point to i ts  peak value at the sec t ion  coincident with the end of the nozzle (Fig. 1). 

It is  c l e a r  that  this is  justif ied f r o m  resu l t s  [6] on the speed along a s t r e a m  line at the wall  of a r e c -  
tangular  concavity,  and the decis ive d imension  in this ease  is the dis tance x along the concave su r face  f r o m  
the c r i t i ca l  point. F igure  3 shows that  about 80~ of the points fo r  the r anges  10 2 --< Re x - 105 and 2.6 - U 
- 13 can  be r e p r e s e n t e d  as follows to • 

for h~4.7 Nu~ := 0,167 Re~'~3hO~ (2) 

for h-~ 4,7 Nu~ = 0.493 Rex~ "63. (2a) 

There is an elevated spread at high Re x on account of error in determining the peak a. Also, (2) and (2a) 
desc r ibe  sa t i s fac to r i ly  the dis t r ibut ion of ~ fo r  k = 0.71 (unsymmet r i ca l  jet  division).  

Our conditions gave E* {the coordinate  fo r  the peak ~) as 

x -~ ~ 1.45h ~ (3) 

We ave raged  the c~ between the peaks  o v e r  a range  of 2E*. All the obse rved  points fo r  the m~an t r a n s -  
f e r  a r e  shown in Fig.  4 and may  be r ep re sen t ed  by 

for h-~> 7 N--u = 0.26 Re~ -~ (4) 

for. ,~.~7 N--u = O, tTRe ~ (4a) 

These  equations a r e  c o r r e c t  f o r  the r anges  of the p a r a m e t e r s  used in (1). 

F igure  4 shows the r e su l t s  f r o m  [1] and [7], as  conver ted  to the definit ive p a r a m e t e r s  used in Nu and 
Re 0, in o r d e r  to c o m p a r e  the m e a n  t r a n s f e r  r a t e s  fo r  concavity and pla te .  The m e a n  t r a n s f e r  r a t e  in the 
f o r m e r  case  is  35-40% g r e a t e r  than that  in the l a t t e r  [1]. 

The r e su l t s  of [7] l ie within the sp read  of our  values .  

The above equat ions have been  der ived for  a shal low concavity having a radius  of curva tu re  of 5 m m  
at  the ve r tex ,  whose cu rva tu re  m a y  be c h a r a c t e r i z e d  by 2 R / H .  This  cu rva tu re  may  affect  the local  and 
m e a n  h e a t - t r a n s f e r  r a t e s .  Additional expe r imen t s  a re  needed to elucidate this point and other  f ea tu re s  of 

the hydrodynamics  of je ts .  
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NOTATION 

nozzle width; 
d i ame te r  of the round nozzle; 
d is tance f r o m  the nozzle to the c r i t i ca l  point as a ra t io  to nozzle width; 
width of the concave slot; 
radius  of cu rva tu re  at the top; 
cu rv i l i nea r  coordinate  on the sur face ;  
d imens ion less  coordinate  of the peak  local  h e a t - t r a n s f e r  coefficient;  
local  h e a t - t r a n s f e r  coefficient;  
a i r  flow ra t e ;  
Reynolds number  ca lcula ted  f r o m  the exit  speed and the hydraul ic  d i ame te r  of the nozzle; 
Reynolds number  ca lcula ted  f r o m  the local  flow veloci ty  and the cu r ren t  x; 
Nussel t  number  ca lcula ted  f r o m  the hydraul ic  d i a m e t e r  of the nozzle fo r  the c r i t i ca l  point; 
Nusse l t  number  calcula ted f r o m  the cu r ren t  x; 

is  the Nussel t  number  calcula ted f r o m  the ave rage  h e a t - t r a n s f e r  coeff icient  and the hydraul ic  
d i a m e t e r  of the nozzle .  
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