
T H E  P R O B L E M  OF T H E  T R A J E C T O R I E S  O F  

GAS J E T S  IN A N O N U N I F O R M  S I D E  S T R E A M  

L. S. R y s i n  

C I R C U L A R  

UDC 533.601.1 

We descr ibe  an engineering method for constructing the t ra jec tor ies  of c i rcu lar  gas jets in 
a side drift  s t r eam with an a r b i t r a r y  velocity field along the jet. 

Fo r  many engineering problems in the construct ion of the t ra jec tor ies  of c i rcular  gas jets propagating 
in side drift  s t r eams  the velocity field of the drift  flow is nonuniform along the direction of the outflow of 
the jet (for example, the propagation of gas jets f rom the gas turbine engine of a helicopter,  in the inductive 
air  flows f rom the lifting rotor) .  

The equations of the t ra jec tor ies  of gas jets in a drift  flow, the velocity distribution in which along 
the jet is subject to a law of the form w = f(y), where w is a continuously differentiable function, can be 
obtained analyt ical ly by the same methods as for a uniform drift flow. But in some cases  it is difficult to 
use analytical methods due to the complexity of the velocity field of the drift flow. The engineering method 
proposed in this ar t ic le  makes it possible to construct  the t ra jec tor ies  of c i rcular  jets in a side drift s t r eam 
with an a r b i t r a r y  flow veloci ty distr ibution along the jet. 

The essence of the method is as follows. We compare  the t ra jec tor ies  of the jets propagating in a 
uniform drift  flow with the auxil iary curves constructed for  the same conditions (ff02/q01 and s0) by summing 
the momentum vec tors  of a jet and the drift  flow and so determine the functional form of the cor rec t ion  
coefficient ~ = f(q02/q01; Y/do). This coefficient is obtained as the rat io of the ordinate x / d  o of the t ra jec tory  
to the ordinate x * / d  o of the auxil iary curve at corresponding sections of the jet y / d  o = const. 

Then for  the nonuniform drift flow we construct  the auxil iary curves by the same method as for a uni- 
form flow, af ter  which the ordinates x / d  o of points on the unknown t r a j ec to ry  a re  determined by mult i -  
plying the ordinates of the auxil iary curves  x* /d  o by the appropriate  coefficient ~. 

In this method we can take any equation which is suitable for the appropriate  range of rat ios q0a/q01 
and given s0 as the initial equation for constructing the t ra jec tor ies  of the c i rcu la r  jets. But the best  r e -  
suits a re  obtained by using the empir ical  equations of the t ra jec tor ies .  As for the theoret ical  equations 
of the t ra jec tor ies  of the c i rcu la r  gas jets in a side drift  s t ream,  most  of them contain the empir ical  coef-  
ficient Cn, which is used as the average aerodynamic drag coefficient of the jet. This coefficient is not 
constant; it depends on the interactions between the jet and the s t ream:  the angle of outflow of the jet in the 
s t ream,  the rat io of the veloci ty heads at the initial c ross  section of the jet and in the s t ream,  the s t ruc -  
ture of the s t r eam at the initial c ross  section. To i l lustrate  this, Fig. 1 shows Cn as a function of the above 
fac tors  for the theoret ical  equation of the t ra jec tor ies  obtained by Abramovich ' s  method [1]. To a large ex-  
tent, Cn depends also on the extent' of the t ra jec tory  of the jet used in its definition, where the local a e r o -  
dynamic drag coefficients at  various c ross  sections of the jet may differ f rom each other significantly f rom 
one sect ion to another. 

All this makes it complicated to use the theoret ical  equations as the initial equations for determining 
the t ra jec tor ies  of jets in a nonuniform side s t r eam in the method considered below. 

Of the empir ical  equations in pract ice it is more  convenient to use those in which the effect of the 
angle s0 on the t r a jec to ry  is taken into account by a separate  term. In this case we f i rs t  use the method to 
construct  a t r a jec to ry  in a nonuniform flow for s 0 = 90 ~ and then determine the required t ra jec tory ,  the 
effect of s 0 being taken into account in the same way as in the initial equation for a uniform drift flow. 
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Fig. 2 
Fig. 1. Graphs of Cn = f(q0z/q0t) for a = 0.066 (continuous lines) and a = 0.060 (dotted line). 

Fig. 2. Construction of t ra jec tor ies  by the method of auxil iary curves:  1) auxi[iary curve; 2) 
t ra jec tory;  3) nozzle. 

The auxi l iary curves for  o~ 0 = 90 ~ a re  constructed in the following sequence: 

1) the jet is divided by parallel  planes perpendicular to its initial direct ion into separate  segments.  
The distance between neighboring planes is Ay (Fig. 2); 

2) the momentum flux of the drift  flow in any of the segments of the jet between two planes is com-  
puted f rom the equation 

A g  

Jw i = 2  S qo lhdg ' . . .  ; (1) 
0 

3) the initial momentum flux of the jet, which is subsequently taken as constant in magnitude and 
direct ion for all sections of the jet, is calculated as 

Ja0 = 2qo~ Fo. �9 .; (2) 

4) then we calculate success ive ly  at each of the segments  the geometr ica l  sum of the vec tors  Ju0 
i 

and ~ Jwi , as  shown in Fig. 2. In the f i rs t  segment the vec tors  are  measured  f rom a point on 
0 

the jet axis in the middle of the segment.  For  the other segments  the origins of the vec tors  for 
the geometr ica l  addition a re  the points of in tersect ion of the mean lines of the segments with the 
direct ion of the summation momentum vector  JE f rom the preceding segments;  

5) we const ruct  the auxil iary curves  as the lines passing through the initial points of the summation 
vec tors  in each segment.  

In construct ing the auxil iary curves  it is convenient in pract ice  for  the subsequent integrat ion of (1) 
to take a l inear equation for  the jet width h: 

h = h s + ny'.  (3) 

We also take Ay = d o for convenience when Pw and n a re  constant and thus reduce (1) to the form 

[;c  t Ill �9 g ,  g' 
dwi =pwd2o h. s w~d -~_ ) q- n ~ 3 ~  d ~.~ . . .  , (4) 

0 0 

where h s is calculated f rom the equation 

hs = ho + ny  s. (5) 
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Fig .  3 F ig .  4 
F ig .  3. The  a u x i l i a r y  c u r v e s  fo r  a u n i f o r m  s ide  d r i f t  f low wi th  o~ 0 -- 90~ 1) q02/q0i = 25; 2) 50; 
3) 100; 4) 250; 5) 500. 

F ig .  4. T r a j e c t o r i e s  of j e t s  in  a nonun i fo rm d r i f t  fLow wi th  n 0 = 90 ~ (W, m / s e c ) .  Cont inuous  
l ines)  me thod  of a u x i l i a r y  c u r v e s ;  do t ted  l ine) v e l o c i t y  f i e ld  of d r i f t  f low; 1--4) e x p e r i m e n t a l  
poin ts :  1) q02 = 156; 2) 614; 3) 306; 4) 1234. 

We. c o n s i d e r  in  s o m e  d e t a i l  the  me thod  of a u x i l i a r y  c u r v e s ,  us ing  fo r  an  e x a m p l e  the  i n i t i a l  equa t ion  
f o r  the  t r a j e c t o r i e s  in  a u n i f o r m  d r i f t  f low the  equa t ion  of Ivanov [2], which  can  be w r i t t e n  a s  

do - - ~ ao ] -~o 

F i g u r e  3 shows  the a u x i l i a r y  c u r v e s  c o n s t r u c t e d  by  the me thod  of s u m m i n g  the m o m e n t u m  v e c t o r s  f o r  
the  c a s e  of a u n i f o r m  d r i f t  f low when n 0 = 90 ~ and q02/q01 = 25-500.  In the c a l c u l a t i o n s  we took  h 0 = d o and 
n = 0.2 in  Eqs .  (4) and (5). By a n a l y z i n g  the f a m i l y  of a u x i l i a r y  c u r v e s  we ob ta in  the  fo l lowing  equa t ion  in  
l o g a r i t h m i c  c o o r d i n a t e s :  

x_, (qo, / (   2.3 =0.5 (7) 
do / " 

We now w r i t e  the  equa t ion  fo r  the  o r d i n a t e s  of the  j e t  t r a j e c t o r i e s  in  t e r m s  of t hose  of the  a u x i l i a r y  

c u r v e s  a s  fo l lows :  

X X* 

do do ~ . . . .  (8) 

f r o m  which  ~, by  (6) and (7) for  a0 = 90 ~ i s  g iven  by  

390 / 
 To/ "'" 

Then  the r e q u i r e d  t r a j e c t o r i e s  fo r  the c i r c u l a r  j e t s  in  a nonun i fo rm  d r i f t  f low a r e  c o n s t r u c t e d  in  the  

fo l lowing  o r d e r :  

1) By the me thod  of s u m m i n g  the  m o m e n t u m  v e c t o r s  we c o n s t r u c t  the  a u x i l i a r y  c u r v e s .  We u s e  the  
s a m e  vaLues h 0 ~ d o and n = 0.2 a s  fo r  a u n i f o r m  d r i f t  f low. 

2) F r o m  Eq. (8) we d e t e r m i n e  the o r d i n a t e s  of the  r e q u i r e d  t r a j e c t o r i e s  of the  j e t s  a t  v a r i o u s  s e c t i o n s  

Ay.  

In d e t e r m i n i n g  ~ for  e ach  s e c t i o n  Ay  f r o m  (9), we t ake  q01 a s  the a v e r a g e  v e l o c i t y  head of the  d r i f t  
f low fo r  tha t  s ec t i on .  

3) If c~ 0 #90 ~ in  th is  c a s e ,  the  o r d i n a t e s  of the  t r a j e c t o r y  in  the  nonun i fo rm  d r i f t  f low a r e  d e t e r m i n e d  
f r o m  the equa t ion  

x x* Y c tga  o . . . .  (10) 

which ,  a s  d i s t i n c t  f r o m  (8), has  a s e c o n d  t e r m  of the  s a m e  f o r m  a s  in  t h e i n i t i a l  equa t ion  of the t r a j e c t o r y  

(6). 
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To check the method described above the author constructed suitable experiments. In these the gas 
jets were released into the open working section of a wind tunnel from a nozzle of diameter 14 mm at the 
outlet cross section. The coefficient of turbulent structure a for a free jet from this nozzle was 0.06. A 

system of directional blades and grids in the wind tunnel circuit made it possible to obtain velocity fields 
in the working section which were uniform along the initial direction of the gas jet. 

Figure 4 compares the trajectories constructed by the method of auxiliary curves, for (~0 = 90~ 
with the corresponding experimental data. 

N O T A T I O N  

x is the coord ina te  in the d i r ec t ion  of the dr i f t  flow; 
y is  the coord ina te  in the d i r ec t ion  of the outflow of the jet  f r om the nozzle;  
y '  is  the d i s tance  along the y - a x i s  f rom the or ig in  of the segment ;  
a i s  the angle  between the jet  ax is  and the d i r ec t ion  of the dr i f t  flow; 
h is  the jet  width; 
F is  the c r o s s - s e c t i o n a l  a r e a ;  
d is  the c r o s s - s e c t i o n a l  d i a m e t e r ;  
n is  the angular  coeff ic ient  of jet  expansion;  
u is the jet velocity; 
w is the dr i f t  flow veloc i ty ;  
q02 is the ve loc i ty  head at  in i t i a l  jet  c r o s s  sect ion;  
q01 is the ve loc i ty  head of dr i f t  flow; 
p is  the densi ty;  
J is  the momentum; 
a is  the coeff ic ient  of jet  s t r uc tu r e ;  
C n is  the a e r o d y n a m i c  d rag  coeff icient ;  

is  the c o r r e c t i o n  coeff icient .  

S u b s c r i p t s  

0 denotes the in i t i a l  je t  c r o s s  sect ion;  
s denotes  the s t a r t  of segment ;  
u denotes  the jet; 
w denotes  the dr i f t  flow; 
i denotes  the c u r r e n t  value;  
* denotes  the a u x i l i a r y  curve.  

i. 

2. 
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