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The flows associated with the propagation of a fan-shaped turbulent 
jet along plane and concave surfaces are theoretically and experi- 
mentally investigated. 

The specia l  appara tus  used to inves t iga te  the flow 
of a semibounded fan je t  along plane and concave s u r -  
faces is shown schema t i ca l l y  in  Fig. 1. 

The a i r  fo rming  the jet  flowed f rom the va r i ab le  
annu la r  nozzle  c rea ted  be tween a meta l  plate  and a 
cap with r0 = 25 ram. 

To inves t iga te  the flow over  a concave sur face  we 
used three  hemisphe re s  with rad ius  of cu rva tu re  R = 
= 60, 80, and 120 m m ,  respec t ive ly .  The inne r  face 
of the cap was adjusted to keep the s ides of the nozzle  
pa ra l l e l  in each case,  the gap b 0 being ma in ta ined  
cons tant  and equal to 1.78 mm.  

The nozzle  exit  ve loc i ty  was also cons tant  at 47.5 
m / s e e .  

The ve loc i ty  prof i le  was r eco rded  with a specia l  
t h r ee - tube  a r r a y  of hypodermic  needles  with a 0.2 
m m  intake opening and a l a t e ra l  tube cutoff angle of 
75 ~ This a r r a y  was s ecu red  to a t r a v e r s e  s y s t e m  
with three  degrees  of f reedom r ig id ly  at tached to the 
meta l  plate.  

In inves t iga t ing  the flow over  a concave sur face ,  it  
was poss ib le  to d isplace  the tube a r r a y  rad ia l ly  c o r r e c t  
to 0.5 mm.  The t r a n s v e r s e  coordinate  could be read  
with an accu racy  of 0.05 ram. 

Before  each exper iment ,  the meta l  plate  was s t r i c t ly  
leveled. 

The veloci ty  in the jet  was de t e rmined  with an MMN 
inc l ined  m i c r o m a n o m e t e r  graduated  in 0.2 m m  H20. 

An ana lys i s  of the exper imen ta l  data showed that in 
the outer  reg ion  of a semibounded fan jet  propagat ing 
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Fig. 1. D iag ram of the expe r imen ta l  appara tus .  

over a plane or a concave sur face  the prof i le  of the 
long i tud ina l  ve loci ty  component  can be approximated  
by the known un i ve r s a l  prof i le  of f ree  tu rbu len t  je t  
flows 

u -- sch 2 0.88 y -  5~ 
u m (1) 

The veloci ty  prof i le  in the wall reg ion  is well de-  
sc r ibed  by a l oga r i thmic  r e l a t i on  of the type 

u -- 1 --0.18 log - -g  
u~ 6~ " (2) 

The expe r imen ta l  data on 5 and 5 m as funct ions  of 
the d i s tance  x a re  plotted in Fig.  2. The funct ional  
r e l a t ion  between these  quant i t ies  and the d is tance  x 
can be desc r ibed  by l i n e a r  r e l a t ions  of the type 

i -  00545a x + 0.616~ 
b0 R ~ 2 3 . 4  b0 R - - 5  ' 

6,~ _ = 0.0128R x 0.149R 
- -  + - -  ( 3 )  

b0 R-~-23.4 b0 R - - 5  

The good a g r e e me n t  between the expe r imen ta l  data 
and Eqs.  (3) indica tes  the r e l i ab i l i t y  of this method of 
de t e r mi n i ng  the geomet r i c  c h a r a c t e r i s t i c s  of the jet .  
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Fig. 2. Th icknesses  5 and 5 m 
as funct ions  of x for a concave 
sur face  (1 -R  = 60; 2 -80;  3 -  
120) and a p lane  sur face  (4). 
The s t ra igh t  l ines  have been 
plotted on the ba s i s  of Eqs. (3). 
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The width of the jet is de te rmined  f rom Eq. (1) on 
the assumpt ion  that, at the jet boundary,  the longi-  
tudinal veloci ty  component  is 1% of its max imum 
value.  Using (3), we obtain for  the width of a fan jet 
flowing over  a concave sur face  of any radius  of c u r -  
vature, 

' b 0.198 R x 2.244 R 

bo R + 2 3 . 4  b0 R - - 5  (4) 

The concavi ty  of the su r face  has a marked  influence 
on the geomet r i c  c h a r a c t e r i s t i c s  of the jet. Not only 
does the line of max imum veloci t ies  approach the s u r -  
face  as its radius  of cu rva tu re  dec rea se s ,  but at the 
same  t ime a general  cont rac t ion  of the jet  is dis t inct ly 
observed .  This poss ib i l i ty  was pointed out in connec-  
tion with a plane semibounded jet in [1], where  it was 
concluded that the thickness  of the jet would be sub-  
s tant ial ly reduced on a concave as compared  with a 
plane surface.  

Using the exper imenta l  resu l t s ,  we can calculate 
the veloci ty ,  t empera tu re ,  and flow ra te  c h a r a c t e r -  
i s t ics  of this type of flow. 

At constant  p r e s s u r e  in the jet and a uni form ve loc -  
ity and t e m p e r a t u r e p r o f i l e  at the outlet  of the annular  
nozzle  (Fig. 1), assuming  that the fo rces  of f r ic t ion 
against  the wall a re  insignif icant  [2], we write the 
law of conserva t ion  of momentum in the fo rm 

oo 

2~porobou~ = 2~r  ,f 9u~dy~(R' r), (5) 
0 

while the cons tancy of the jet enthalpy, calculated 
f r o m  the excess  t empe ra tu r e s ,  is expressed  by the 
re la t ion  

oo 

2 2z 9orobouo ATo = 2~tr ,t' p u A T dy [ (R, r), 
0 (6)  

where  f (R,  r) = R sin 57.3 ( r / R ) / r  is a function taking 
into account  the d e c r e a s e  in the length of the c i r c u m -  
fe rence  at an equal dis tance r f r o m  the geomet r i c  
axis of the jet for  flow over  a concave sur face  as c o m -  
pared  with flow over  a plane sur face .  

Taking P0 =P and c a r r y i n g  out t r ans fo rma t ions ,  we 
obtain 

u___~_~ = bo 1"o dy (7) 
uo 2 r \ ~  u" l f(R, r ) '  

u" AT m ----bo ~.u AT dy 
uo aTo u" AT.~ f(R, r) 

(8) 

Assuming  [2] that AT/AT m = (U/Um)I/2 and using (1), 
(2), we evaluate the integral  in (7) and (8): 

bl ydy= l--0,181og v--Y v+6 1 
m 

+ S sch* 0.88 y --6, ,  
6 

0m 

dy=0.8556"+0.7586,  (9) 

scha0.88 .,g -~ 6" + 
3 8 
5m 

dy=0 .8886 " - l - 0 . 8936 .  (10) 

Substituting solutions (9) and (10) into (7) and (8), 
respec t ive ly ,  and using (3), we obtain equations for  
the change of max imum veloci ty  and max imum excess  
t empera tu re  for  flow over  a plane su r face  and a con-  
cave sur face  of any radius  of curvature :  

= (boro),,2• 
Uo 

x x +  _ _ ~  (11) 

A r "  _ 

ATo 

~u_~_~( 0.06R 0.683R bo]Rsin57.3 r l - ,  
XLuo ~ R + 2 3 . 4  " x +  R------5 / /~J 

(12) 

Replacing the ra t io  urn/u0 in (12) by its value f r o m  
(11), we finally obtain 

A To 

_ _  b o ) R s i n 5 7 . 3 ~ _  1 .... 
xF( 0.06R 0.683 R 
5 fi - .4 x+ 

(13) 

F r o m  a compar i son  of (13) and (11), it follows that 
there  is a propor t ional  re la t ionship  between the d imen-  
s ionless  veloci ty  and the t empera tu re  in each c ross  
sect ion of the jet: 

hTm _ 0.868 u" 
A To uo (14) 

In Fig. 3 the exper imenta l  and calculated data for  
the fall of max imum veloci ty  along the su r face  are  in 
s a t i s f ac to ry  agreement .  

The volume flow ra te  in a c ross  sec t ion  of the 
semibounded fan jet is given by 

Q= 2~r i udyf(R,  r). (15) 
0 

0.6 

os o 

Fig. 

fo go 3o ~o or/~ 

3. Variation of maximum velocity along 
surface. Curves based on Eq. (11) (1-R = 60; 

2-80; 3-120) and a plane surface (4). 
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After t r a n s f o r m a t i o n s  of the same  type as before ,  
we obtain 

co 

~m 

=2~u,~ R+23.4 x +  R--5  -if" 

(16) 

Since the ini t ia l  r a t e  of flow f rom the annu la r  nozzle  

Qo = 2g robouo, 

using exp re s s ion  (11), we find the equation for  the 
change of flew ra te  in any sec t ion  of the fan jet  f o r  
flow over  plane and concave su r faces  as a f r ac t ion  
of the in i t ia l  flow ra te :  

(0 .0736 R 
R + 23.4 

x + - -  

q = q- -=(1 . t9 )  
Q0 

•176 .... 

= 1.41 Uo (17) 
/ t  m 

An ana lys i s  shows that as the r a d i u s  of cu rva tu re  
of the sur face  d e c r e a s e s ,  the apparen t  m a s s  also fa l ls .  

The r e su l t s  of Schwarz and Cosar t  [3], who detected 
a weak dependence of the c h a r a c t e r i s t i c s  of a plane 
semibounded jet  on the Reynolds n u m b e r  at the nozzle  
exit  when the l a t t e r  was va r i ed  over  a broad  range ,  

suggest  that our  pr inc ipa l  r e su l t s  for a semibounded  
fan jet  a re  also val id  over  a broad  range  of Reynolds 
n u m b e r s .  

NOTATION 

u 0 is the mean  exit  velocity;  u is the va r i ab l e  ve loc -  
ity in the jet  c ros s  sect ion;  u m is the m a x i m u m  ve loc -  
i ty in the jet  c ross  sect ion;  5 m is the th ickness  of the 
inne r  region ,  or the d is tance  f rom the su r face  to a 
point  at which the longi tudinal  ve loci ty  component  has 
a max imum;  6 is the condit ional  th ickness  of the outer  
region,  or the d i s tance  f rom a point  with m a x i m u m  
veloci ty  to a point  at which the ve loc i ty  is equal to 
half the max imum;  b is the width of the semibounded  
fan jet; b 0 is the nozzle gap; r 0 is the nozzle  rad ius ;  
R is the rad ius  of cu rva tu re  of the concave sur face ;  
x is the d i s tance  f rom the nozzle  exit  to the sec t ion  
in quest ion,  m e a s u r e d  along the a rc  of the concave 
spher ica l  sur face ,  or along the rad ius  of the plane 
surface;  r = x +r0; To is the excess  t e m p e r a t u r e  at 
the nozzle  exit; A T i s  the va r i ab l e  excess  t e m p e r a t u r e  
in the jet  c ross  sect ion;  AT m is the m a x i m u m  excess  
t e m p e r a t u r e  in the jet  c ross  sect ion;  Q is the volume 
fluid flow ra te  in  an a r b i t r a r y  sec t ion  of the jet; Q0 is 
the in i t ia l  ra te  of flow f rom the nozzle .  
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