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Analytical formulas are derived for calculating the velocities of a fiat 
fan-shaped jet propagating in a bounded volume, starting from the 
premise that the radial velocity components in a constrained flat jet 
are less than in a free flat jet by the magnitude of the "velocity 
shift." 

An examination is made of the circulation of a 
liquid (or gas) in a bounded volume of cylindrical 
shape, due to an immersed fan-shaped jet. The fan- 
shaped jet is formed by feeding a liquid (or gas) 

through an aperture in the center of the upper end of 
a cylinder onto a disk mounted transverse to the 
stream. The jet lies flat on the upper plate; starting 
at some section, the jet unrolls and forms an inter- 
secting stream located between the active part of the 
jet and the lower plate of the cylinder. The liquid (or 
gas) is removed from the volume through an aperture 
in the center of the lower plate, The radius of the cyl- 
inder ends is appreciably greater than its height. 

An examination is made of the flow due to a point 
source with zero flow rate of liquid (or gas), but with 

a finite initial impulse. 
We shall make use of the premises put forward in 

papers dealing with axisymmetric and plane flows of 

a jet in a finite volume [1-3]. 
We shall assume that the distribution of radial 

velocity components in a flat constrained fan-shaped 
jet obeys the same law as in a flat free jet but that 
the velocities differ by the magnitude of the "velocity 

shift, r' The velocity shift is the same in each cylin- 

drical section but varies from section to section 

(Fig. 1). 
We shal l  neglec t  f r i c t ion  a r i s i n g  f rom motion of 

the liquid (gas) at the bounding surfaces. 
The analytical expression of these assumptions is 

the equation for the radial velocity component of the 
l iquid or  gas at an a r b i t r a r y  point  of a cons t ra ined  jet  

U' = U - -  U,. (1) 

We shall find the value of each of the terms on the 
right of (I)o The radial velocity component at an arbi- 

trary point of a fan-shaped free jet is given by 

u = ux ~xp [ -  -2  ~ , (21 
k 

where  U x is the ve loc i ty  on the axis  of the f r ee  jet, as 
given by the fo rmula  in [4] 

0423 131 
u ~ -  V[  ~ -  

The value of the veloci ty  shift U .  may  be d e t e r m i n e d  
f rom the cont inui ty  equation,  accord ing  to which the 

amount  of l iquid (or gas) d i sp laced  into the act ive  
pa r t  of the je t  i n  the d i rec t ion  of d i scha rge  is  equal  to 
the amount  of l iquid (or gas) in  the i n t e r s e c t i n g  
s t r e a m  

gb H 

0 gb 

where  dF  is  an e l emen t  of a rea  of the cy l ind r i ca l  
sect ion of the je t  wi thin  which the veloci ty  U' is the 
same:  

,VV/p 
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dF = 2~ xdg (5) 

~ ~  

I 

2 ~ . ~ . . . _  o c 

r 

0 t 2 3 4, 5 8 x/lr 

Fig. 1o Var ia t ion  of ve loc i ty  in a f ini te  volume.  On 
the graph: a is the veloci ty  U x on the axis of a flat 
f ree  je t  accord ing  to (3); b is  the veloci ty U~ x in the 
plane in which the act ive  pa r t  of the cons t ra ined  jet  
l i es ,  accord ing  to (8); c is the veloci ty  shift U. ac-  
cording  to (6) in a cons t r a ined  fiat jet;  d is the ve-  
loci ty  U~ accord ing  to (9) in  the p lane  along which 
the i n t e r s e c t i n g  s t r e a m  propagates .  The d i ag rams  
show the ve loc i ty  profi le :  I - - in  a f ree  jet;  I I - - in  a 

cons t r a ined  jet .  

S imul taneous  solut ion of (1)-(5) gives the value of 
the ve loc i ty  shift : 

(1) may  be r e p r e s e n t e d  in the following Now Eq. 

form: 

[_• 

where  U x and U* a r e  d e t e r m i n e d  f rom (3) and (6). 
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Fig .  2. S t r e a m l i n e s  and flow i s o v e l s  in a bounded volume:  
a - - s t r e a m l i n e s ,  the  va lue  r  l /2  = cons t ;  b - - i sove l s ,  

the  va lue  U'/(1/H)(Io/p) 1/2 = cons t .  

The ve loc i t y  of the l iquid  (or  gas )  in the  i m m e d i a t e  
v i c in i t y  of the  p lane  conta in ing  the  ac t ive  p a r t  of the  
j e t  i s  d e t e r m i n e d  f r o m  (7) with y = 0: 

u~  = u x  - u , .  (8) 
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Fig .  3. V a r i a t i o n  of flow ra te :  a - - i n  a f r ee  j e t  L x 
f r o m  (15); b - - in  a c o n s t r a i n e d  j e t  L x f r o m  (16). 

The v e l o c i t y  of the  l iquid  (or  gas)  in the  i m m e d i a t e  
v i c in i t y  of the  p l ane  a long which  the i n t e r s e c t i n g  j e t  
p r o p a g a t e s  i s  d e t e r m i n e d  f r o m  (7) with y = H: 

[ ' U~=U~exp - - ~ -  ~x ~ - - U , .  (9) 

Th is  v e l o c i t y  has  a m a x i m u m  on the ax i s  of s y m m e t r y  

0.152 
(Ux)max = H -p-" (10) 

Graphs  of r e l a t i o n s  (3), (6), (8), and (9), d r a w n  f o r  
the va lue  C = 0. 082 of the  e x p e r i m e n t a l  cons tan t ,  a r e  
shown in F ig .  1. 

We obta in  the  equa t ion  f o r  s u r f a c e s  of cons tan t  v e -  
loc i ty  f r o m  (7) by  so lv ing  i t  with r e s p e c t  to  y: 

g = V-2-cx In U' + U,  " (11) 

The equat ion of the  s u r f a c e  s e p a r a t i n g  the ac t i ve  
p a r t  of the  j e t  f r o m  the i n t e r s e c t i n g  s t r e a m  i s  ob ta ined  
f r o m  (ii) with U' = 0: 

gb = V'2-cx ----l/ln U~ u-7" (lz) 
u 

The va lue  of the  s t r e a m  funct ion i s  d e t e r m i n e d  
f r o m  the  f o r m u l a  

Y 

'tp'= j" U'dF. (13) 
0 

A f t e r  subs t i tu t ion  of the  v a l u e s  of U'  and d F  f r o m  
(5) and (7) and subsequent  i n t eg ra t ion ,  we obtain 

g 
,'---- L~erf ( ~ ) - - 2 ~ k y U , ,  (14) 

whe re  L x i s  the m a s s  f low r a t e  of l iquid  (or gas)  in the  
c y l i n d r i c a l  s ec t ion  of the  f r e e  je t ,  a s  d e t e r m i n e d  f r o m  
the f o r m u l a  given in [41: 

L~ = 3.34 V/V'/--~,o x. (15) 

Figure 2 shows strean~lines calculated from (14), 
equal velocity lines calculated from (11), and boundaries 
of the active part of the jet, calculated from (12). 

Solving (13) within the jet boundaries, we obtain 
the flow rate of liquid (or gas) passing through the 
cylindrical section of the active part of the jet (equal 
to the flow rate in the intersecting stream): 

L~ = L~erf ( y b / V 2  - cx) - -2~xy  b U,. (16) 

The flow r a t e  r e a c h e s  a m a x i m u m  

(Li)max = 1.44 H Y / - ~  

in the  c r i t i c a l  s ec t ion  with x va lue  

Xcr = 3.75H. 

Fo l lowing  the c r i t i c a l  s ec t ion  the j e t  tu rns  around.  
The  tu rn ing  c e n t e r  is  l oca t ed  at  the c r i t i c a l  sec t ion  
(Xcr = 3.75 H; Ycr :: 0.43 H). 

Graphs  of v a r i a t i o n  of flow r a t e  of l iquid  (or gas)  
in a f r e e  j e t  and in  a c o n s t r a i n e d  je t ,  a s  ca l cu la t ed  
f r o m  (15) and (16), a r e  p r e s e n t e d  in Fig .  3. 

The t r a n s v e r s e  component  of l iquid (or gas)  ve loc i ty  
at  an a r b i t r a r y  point  of a c o n s t r a i n e d  j e t  i s  g iven  by  

o r  by  

v [oxp( 
U x x 

v = - - 1 - -  0,__~' (17)  
2~x Ox 

2 cTx ~ --exp 2 cTxx 2 § 
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Fig.  4. P ro f i l e s  of r ad i a l  ve loc i ty  components  in c y l i nd r i c a l  
sec t ions  of a bounded volume:  a - - e x p e r i m e n t a l ;  b - - t h e o r e t -  
ica l  ve loc i ty  prof i le  U'  in a cons t r a ined  je t  accord ing  to (7) 
with U/(1 /H)( Io /P)  1/2 = 1; c - -ve loc i ty  U in a f ree  jet, accord ing  

to (2) .  

The l imi t ing  value of the r e l a t i ons  obtained for  con-  
s t r a ined  je ts  as H ~ co r r e sponds  to the fo rmulas  
given in  [4] for  f r ee  f an - shaped  j e t s .  

The m a t e r i a l  p r e s e n t e d  is conf i rmed,  with some 
approximat ion,  by t e s t s  of the author  c a r r i e d  out in  
the Science Resea rch  Ins t i tu te  for  Health Technology. 

A jet  of a i r  of total  flow ra te  L0 = 570 m 3 / h r  was 
supplied f rom a nozzle  of d i a m e t e r  75 ram, the exit  
ape r tu r e  of which was located in  the cen t e r  of the up-  
per  sur face  of the model  of a room of d i m e n s i o n s  
1500 x 1100 • 110 mm.  A disk of d i a m e t e r  112 m m  
was located at a d i s tance  of 30 m m  f rom the nozzle .  
The a i r s t r e a m ,  i s su ing  f r o m  the nozzle ,  encoun te red  
the disk, changed d i rec t ion  by 90 ~ flowing away to 
the side with an in i t i a l  ve loc i ty  U0 = 43 m / s e c ,  and 
flowed along the upper  pla te  of the model,  f o r mi ng  the 
act ive par t  of the jet.  The i n t e r s ec t i ng  s t r e a m  was 
located at the lower  p la te  of the model .  The side 
boundar ies  of the model were  made anechoic .  The a i r  
passed  out of the model  through an a p e r t u r e  of d i a m-  
e te r  200 mm at the cen t e r  of the lower  plate.  

F i g u r e  4 shows the prof i les  in reduced  coord ina tes  
of the rad ia l  components  of the a i r  veloci ty .  

NOTATION 

U, U x are the radial velocity components at an arbi- 
trary point and on the axis of a free flat jet; U', V are 

the radial and transverse velocity components at an 

arbitrary point in a flat constrained jet; U~, U~ are 

m a x i m u m  ve loc i t i e s  in  the act ive pa r t  and in  the i n -  
t e r s e c t i n g  s t r e a m  of a cons t r a ined  flat  jet ;  U,  is  the 
ve loc i ty  shift  in a cons t r a ined  jet  in compar i son  with 
a f ree  jet ;  U 0 is  the in i t i a l  ve loci ty  of the jet;  I 0 is the 
in i t ia l  impu l se  of the jet ,  d e t e r m i n e d  at un i fo rm d i s -  
charge f rom the fo rmula  t 0 = pUoL 0 ; p is  the dens i ty  
of the l iquid or gas;  ~ i s  the s t r e a m  funct ion;  Lx, L~ 
are  the flow r a t e s  of l iquid or  gas pa s s i ng  through a 
cy l indr i ca l  sec t ion  of the f r ee  and the cons t ra ined  jet; 
L 0 is the in i t ia l  flow ra te  in the jet;  x is  the radius  
of an a r b i t r a r y  point  in the s t r e a m ;  y i s  the ordinate  
of an a r b i t r a r y  point  in  the s t r e a m;  Yb is the o r -  
dinate  of the bounda ry  of the act ive  pa r t  of the jet ;  H 
is the d i s tance  be tween p lanes ;  F is  the a rea  of a 
cy l indr i ca l  sec t ion  of the s t r e a m ;  c is the e x p e r i m e n t -  
al constant .  
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