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An analysis  is made of the laws which govern isothermal  flow in the mixing zone of an e jec-  
tion chamber  with a longitudinal p r e s su re  gradient.  The proposed method of calculations 
has been verified experimental ly .  

E jec tors  have found industrial  applications.  In order  to design these devices,  it is necessa ry  to know 
the p rocesses  occurr ing  in them and to be able to make the requisi te calculat ions.  Several  studies have 
dealt with this problem [1-8] without considering,  however,  situations where the flow is supersonic or t r an -  
sonic. A review of these re fe rences  shows two basic approaches to the design of a mixing chamber :  b y c o n -  
s idering discre te  sections and the use of gas-dynamic  functions [1-3] or by considering continuous p a r a m -  
eter  variat ion on the basis  of semiempi r ica l  data taken from the theory of turbulence [4-8]. The seeond~ ap-  
proach seems preferable  when an evaluation of the mixing p rocess  over the entire length of the chamber  is 
required .  The other approach was adopted mainly for the design of axially symmet r i ca l  e jec tors  with i so -  
baric  or  quasi isobaric  flow in the ejection zone. At the same t ime,  many ejectors  are  designed so that the 
mixing of s t reams  in this zone will occur  under a high longitudinal p r e s su re  gradient .  In order  to discover  
the general  laws and to develop a procedure  for calculating such a flow mode, the authors have analyzed an 
e jector  shown schemat ical ly  in Fig.  1. The chamber  dimensions,  measured  in nozzle d iameters  (b0 = 4-10 
mm),  were varied as fo l lows :b  c = 3.1-9.2, 1-1 = 6.8-17.0, l 2 = 9-56, B0 = 2.9-9.4, 6w = 0.18-0.45 at a con-  
verging-channel  angle c~ = 0-12 ~ The initial velocities of the ejecting and the ejected s t ream were U0I = 20- 
50 m / s e c ;  U02 = 10-15 m / s e c ,  respec t ive ly  with m 0 = U02/U0i = 0.15-0.6 and P0l = P02. 

The dynamic heads and the static p r e s s u r e s  at the t r ansve r se  sections of the chamber  were measured  
with Prandt l  pneumometer  tubes the diameter  of which at the inlet end was 1 ram. The constancy of t em-  
pera ture  and the init ial  flow ra tes  were checked by the readings of m e r c u r y  the rmomete r s  and flow mete r s  
which had been installed in the respect ive  channels.  In o rder  to est imate the measurement  e r r o r ,  the total 
flow rate  was checked against the total momentum at various sections of the mixing chamber .  Discrepan-  
cies in values did not exceed the permiss ib le  limits of 4-5%. 

An analysis of the tes t  data has revealed the hydrodynamic flow pattern in the ejection zone {x -< Xe) 
shown in Fig .  1. The inner boundary of the mixing zone is represented  by the line o - n .  Depending on the 
hydrodynamic pa rame te r  m 0 of an ejector  and on the geometry  of the mixing chamber ,  the boundary of the 
mixing zone reaches  the wall either behind section n - n  (o-e)  or before it ( o - e ' ) .  Accordingly,  either flow 
mode I or flow mode Ii will prevai l .  

The test  data indicate an a lmost  constant static p r e s s u r e  p(y) = const ac ross  the width of the chamber .  
Outside the boundary layer  of the s t ream ( n - o - e )  there remain  regions of undisturbed flow, to which the 
following relat ions,  in t e rms  of mean pa rame te r  values, apply at the said section:  

9 9 

p + 0.5pU] = P0 -~ 0.5p~5~ (1) 

+ o,5pu~ = p0 + 0 5pu~2 (2) 

The distribution of relat ive excess  velocities within the boundary layer  was found to be universal  in 
all tests  and to follow known laws [6]: 
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Fig. i. Geometry of the mixing chamber and schematic 
representation of the flow. 

U~--U _(i_~1,,5)2; ~ l -  Y - - Y 2  g - - g :  (3) 
U 1 - -  U~ b Yl - -  Y2 

for  the init ial  segment  and 

U- -Ue  =( i - -~ ,5 )~ ;  ~ =  g (4) 
Um - -  U~ B 

for  the main  segment .  

The ra t e  of m a s s  i nc r ea s e  in the eject ing s t r e a m  (Fig. 2) can be desc r ibed  adequately well  by the fo l -  

lowing equations:  

G~ = [1 -k 0.0362 (x--Xoi)] Gox =: rGo~ (5) 

for  the init ial  segment  and 

Gc. ~ 0.375Gol V'~-~-~ Xoi : RGol (6) 

for  the main  segment ,  which conf i rms  the conclusions in [9] concerning the un ive r sa l i ty  of the eject ion 
c h a r a c t e r i s t i c s  of jet s t r e a m s .  The value of Xoi was de te rmined  by ext rapola t ion of the empi r i ca l  l ines 
Yl = f~ )  and Gc-G0 t = fl(x)G01 to in te r sec t ion  with the a b s c i s s a .  In al l  t e s t s  Xoi was found to be negat ive 
(with r e spec t  to the nozzle throa t  as  r e fe rence)  and equal to 1.0-3.5 in absolute value.  A compar i son  of 
t e s t  data with r e su l t s  obtained by fo rmu la s  has shown that the following equation will be s a t i s f ac to ry  for  

calcula t ing Xoi: 

XoV= (2blk q- 1.7~.)(1 q-2.36mo), (7) 

which differs  f rom the equation given in [6] by the second fac to r .  Equation (7) has  been der ived using the 
expres s ion  for  b{x) given in [9]. 

The  reac t ion  force  Pg of a s t ra igh t  converging channel on the s t r e a m ,  when the p r e s s u r e  var ia t ion  
along the converging channel is a lmos t  parabol ic  {which was the case  in mos t  t es t s ) ,  can be approx imated  
suff icient ly well  by the re la t ion :  

K 
~ PU~176 Pg pdK = 0.5 (K Ko) [50 - -  0.333 (a*m 2 - -  m~)] 2 (S) 

Ko 

where 

U~ 2p o , K Ko u1 ; m = - - ;  P o = - - '  K -  ; ~ : o = - - .  
a--- Uol U 1 pU~, b o bo 
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Fig.2. Change in the stream mass : I) calculation 
formula Gc/G01 = 1 + 0.0362(X-Xoi); 2) calculation 
formula Gc/G0 i = 0.375 x-~oi; 3) trend in the 
change of mass in the ejecting stream near the 
transition section. Test data: 4) m 0 = 0.22, Xoi 
= 1o9, P0 =-0~ 5) m0 = 0.42, Xoi =-2.2, P0 
= 0~ 6)_m 0 = 0.555, Xoi = - 1 . 7 ,  P0 = 0.415; 7) m0 
= 0 ,465 ,Xoi  =-2oO,  P0 = 0.265; fo r  4-7)  b c = 3ol ,  
/ t  = 6.8, l 2 %56,  B 0 = 2.9,  6w = 0.18; 8) m0 = 0.42, 

Xoi = - 3 . 5 ;  P0 = - 0 . 0 4 ,  b c = 8.22, ~(0 = B0 = 9_4, 5w 
= 0.18~9) m 0 = 0.195, Xoi = - 1 . 2 ;  P0 = 0.0, b c 
2 9.25; l t = 17, 72 = 22.5• = 0.45; 10) m0 = 0.195, 
Xoi = - 1 . 2 ,  P0 = - 0 . 0 5 2 ,  l 1 = 17, l~. = 140; ~w = 0.45, 
b c = 9.25. 

For practical calculations, especially when the initial segment is shorter than l-l, we recommend the follow- 
ing formula: 

P~ = 0.5 (K - -  ~o) [Po - -  0.5 (a~m ~ - -  m~)] pU~ojbo, (9) 

which i s  not too  i n a c c u r a t e  and which  has  b e e n  b a s e d  on a l i n e a r  p r e s s u r e  v a r i a t i o n  a long the  c o n v e r g i n g  
channe l  - a s  was  a s s u m e d  in [2]. Wi th in  the  r a n g e  of the  g e o m e t r i e s  and the  i n i t i a l  p a r a m e t e r  va lues  c o n -  
s i d e r e d  in  t h i s  studY , the  magn i tude  of Pg  d id  not  e x c e e d  30% of pU2b0. 

T h e  f low f o r m u l a s  can  be  u s e d  as  a b a s i s  fo r  c a l c u l a t i n g  the  h y d r o d y n a m i c  p a r a m e t e r s  f r o m  g iven  
i n i t i a l  c o n d i t i o n s .  In o r d e r  to  s i m p l i f y  the  c a l c u l a t i o n s ,  we wi l l  n e g l e c t  f r i c t i o n  and the b o u n d a r y  l a y e r  a t  
the  w a l l ,  and  a l s o  the  v a r i a t i o n  in  the  d e n s i t y  of the  l iqu id  due to  v a r i a t i o n s  in  the  s t a t i c  p r e s s u r e .  The  c a l -  
c u l a t i o n s  w i l l  be  p e r f o r m e d  fo r  a m o d e  I f low,  which  i s  tha t  m o s t  of ten  e n c o u n t e r e d  in the  p r a c t i c a l  u s e  of 
e j e c t o r s .  

I n i t i a l  Segment  ~x - Xn). F o r  c a l c u l a t i n g  the  i n i t i a l  s e g m e n t ,  we n e e d ,  in  a d d i t i o n  to  E q s .  (1) and  (2), 
a l s o  equa t ions  of c o n s t a n t  f low r a t e  and m o m e n t u m  in the  c h a m b e r  a s  we l l  as  the equa t ion  of m a s s  change  
in  the  e j e c t i n g  s t r e a m  : 

Y l  

Uo~b o + Uo~b ~ = u~ (bo - -  b - -  V~) + ~ Udv + U~ (f( - -  b o + y~); (~0) 
t 2  
Y2 

Y t  

2 2 ~ U 2 P o K o + P U ~ b o + p U o 2 b o = p U j ( b o - - b - - y 2 ) +  p U 2 d y +  p 2 ( f ( - - b o + y 2 )  T p K - - P , ;  ( l l )  

Y2 

Y~ 

u~ ( b o -  b--U~) + ~ U@ = rUo~bo. (12) 

Yz 

A f t e r  c o n v e r s i o n  to  d i m e n s i o n l e s s  f o r m ,  wi th  E q .  (3) and  the  v a l u e s  of the  i n t e g r a l s  t a k e n  in to  a c c o u n t ,  we 
ge t  f r o m  Eqso (1), (2), (10), (11), and (12): 

P o +  I =  p + a 2 ;  (13) 

p.  + rn2o : p + a2rn~; (i 4) 
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F i g .  3. F low p a r a m e t e r s  a long the  mix ing  c h a m b e r  in the in i t ia l  and in 
the m a i n  s e g m e n t "  c a l c u l a t e d  c u r v e  fo r  yg. (1), f o r  p (2), f o r  a(A) (3), f o r  
m (M) (4), and f o r  b (B) (5); xCialc = 3.5, ~ca l c  = ~ t e s t ;  t e s t  c h a r a c t e r i s t i c s  
a s  in F i g .  2. 

F i g . 4 .  F low p a r a m e t e r s  in the in i t i a l  s e g m e n t  (x = 6.8) as  a funct ion of 
m0; xC. a l c =  - 1 . 1 ,  -1 .3 ,  - 1 . 7 ,  a n d - 2 . 2  r e s p e c t i v e l y  f o r  m 0 = 0.2, 0.3, 0.4, 

o 1 _  
a n d  0.5; pca l c  = p t e s t ;  s y m b o l s  as  in F i g .  3; t e s t  c h a r a c t e r i s t i c s  a s  in F ig .  
2. 

1 + m ~  = a(1 - -b---y2)  + ab(0.55 + 0.45m) + am(K-- 1 + y~); (15) 

l-+-m~-G~ +0.5poKo=a2(1--b--y~)+ jb(OA16+O.268m+O.316m2)+a2m2(~_ 1 + ~)+0.SpK--Pg; (16) 

a ( l  - - b ~  Y2) + ab (0,55 § 0.45m) = r. (17) 

H e r e  

= 2__p__p. b-= b ~ = y , ;  f~ p~ 

S y s t e m  (13)-(17) can  be r e d u c e d  to  two equat ions  wi th  two unknowns (b,  m) :  

~ =  r(1 --tn) + amK --  X6o (18) 
O,45am (1 - -  m) ' 

m {Yfo - -  K [a '  + 0.5 (p0 +.m2o--a2m~)] --I- fig} + a(~Go--r) (1 - - m  2) , (10) 
b =  

a2m (0.316m ~ + 0.268m - -  0.584) 
m m  

which  admi t  a g r a p h i c a l  so lu t ion .  In  E q s .  (18) and (19) we have :  r,G 0 = 1 + m0bc; ~'i0 = 1 + m ~ c  + 0.5P0K0; 
a = 4 ( 1 - m Z ) - l ( 1 - m ~ ) .  With  b ,  m ,  and a known, the f low p a r a m e t e r s  Y2, P, and U a r e  d e t e r m i n e d  f r o m  (13), 
(15), (17), and (3). 

Main Segmen t  {x n_< x _< Xe). H e r e  the s y s t e m  which inc ludes  the  condi t ions  of m a s s  and m o m e n t u m  
c o n s e r v a t i o n ,  the  Bernou l l i  equa t ion  fo r  the u n d i s t u r b e d  zone of p a s s i v e  f low, and a l s o  the equat ions  of 
m a s s  change  in the e jec t ing  s t r e a m  can  be w r i t t e n  in d i m e n s i o n l e s s  f o r m  as  fo l lows :  

Z6o--- A/3(0,45 q- 0.55M) + AM (K -- B), (20) 

Yl-o ---- A ~  (0.316 -? 0.268M § 0.416M 2) +A~M2(K-- B)+ 0.5pK --Pg, (21) 

Po + m2o = P+ A~M2, (22) 

AB(0.45 + 0.55M) = R. (23) 
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Here 

A -- Um M = U2 ~ = B 
Uol U,~ b o (24) 

Pg = 05 (K - -  K0) [L - -  05  (A~M ~ - -  m~)]. 

Along  segmen t  -/~, whe re  dK/dx  = 0, the magni tude  of Pg  is taken  as  equal  to the r e a c t i o n  fo rce  at x 
As a r e s u l t  of t r a n s f o r m i n g  (20)-(24), we obtain 

A = R _ 1.22 (EGo - -  R) , (25) 
0.45B K - -  B 

A =  - - C  + V C  2 - 4 D E  
2D 

which conta in  the sought quant i t ies  A and B ,  while in (26) and (24) 

- -  2 

K - - B  LK--~J 

(26) 

LK--BJ" 
Only the pos i t ive  roo t  in the solut ion to Eq .  (26) fo r  A is used ,  s ince  the axial  ve loc i ty  cannot  be nega t ive .  
The  s y s t e m  of E q s .  (25) and (26) is so lved  g r aph i ca l l y .  Then ,  M, p,  and U a r e  d e t e r m i n e d  f r o m  (23), (22), 
and (4). 

Cons ide r ing  that  G c = Got + G0z , f rom Eq.  (6) we can find the coo rd ina t e s  of the flow sec t ion  which 
c o r r e s p o n d s  to the end of the e jec t ion  zone :  

- [ E G o ]  2 - ( 2 7 )  
Xe= 0.141 q- x~ 

If the ca l cu la t ed  width of the boundary  l a y e r  at the sec t ion  having coord ina te  x e at U2e = 0 r e m a i n s  s m a l l e r  
than the channe l  width,  then the a s s u m e d  flow mode I p r e v a i l s  in the c h a m b e r .  If Be  is s m a l l e r  than B0, 
then behind the sec t ion  of coord ina te  x e b a c k s t r e a m s  of the l iquid will  appea r .  The phys i ca l  condi t ion fo r  
p rec lud ing  the o c c u r r e n c e  of b a c k s t r e a m s  is that  the m a i n s t r e a m  re t a in  its full e jec t ion  capabi l i ty  up to 
the ins tant  when it f i l ls  the en t i r e  c h a m b e r  width.  

The  b o u n d a r y  be tween the ini t ia l  and the ma in  s egmen t  can  be d e t e r m i n e d  on the bas i s  of the r e l a t ions  
g iven in  [6] and [9] fo r  the width and the ins ide  boundary  of the_boundary l a y e r  dur ing an i s o b a r i c  flow of 
mixed  s t r e a m s  and c ons i de r i ng  that  in the t r a n s i t i o n  s egmen t  Yl = 1: 

- 1 + 2~36m o - (28) 
x n ~ -[- xoi. 

(3.1 q- mo) 0.0362 

In o r d e r  to d e t e r m i n e  x n m o r e  p r e c i s e l y ,  it is n e c e s s a r y  to plot the  equat ions  l - y 2  = fz~)  and b = f ~ )  
f r o m  E q s .  (13)-(19) and then to ex t rapo la te  the c u r v e s  t i l l  t hey  i n t e r s e c t .  

Since only flow mode I is of i n t e r e s t  in this  s tudy,  we p r o p o s e  a me thod  of a p p r o x i m a t e l y  e s t ima t ing  
the ex i s tence  l imi t s  fo r  this mode  of f low. The  bas i s  of this  me thod  is ,  as  in [7], the s t ipula t ion  that  the 
bounda ry  l a y e r  r e a c h e s  the g e o m e t r i c a l  axis  and the wal ls  of the e j ec to r  s imu l t aneous ly ,  i .e . ,  the condi t ion 

x~ = x-~. (29) 

Let  us e x p r e s s  ~e a c c o r d i n g  to E q .  (5), taking into account  that  G c = Got + G~,  

- m o ~  (30) 
xe--  0.O'~2 + x~ 

Equa t ing  the r i g h t - h a n d  s ides  os (28) and (30), we obtain  an e x p r e s s i o n  r e l a t ing  the g e o m e t r y  and the h y -  
d r o d y n a m i c  p a r a m e t e r s  of the e j e c t o r  under  condi t ion  (29): 

_ 1 q- 2.36m o (31) 
(3.1 + ran) m o 
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If for a given m 0 (0.15 -< m 0 -< 0.6) bc is larger than according to Eq. (31), then flow mode I prevails in the 
chamber; if it is smaller,  then flow mode II prevails.  

Since isobaric flow represents a special case in our problem, it is possible to obtain from these 
equations the relation K = Q{x) which determines isobaric flow. F rom Eqs. (13)-(17) we have for the initial 
segment (x -< Xn) : 

K =Ko -- 0,0362 (1 ~ too)  2 x = K o  - -  tg a i s o X -  (32) 
m o (1 -}- 2, 36mo) 

If at given m 0 and bc the angle of the converging channel is a > also,  then in the initial segment the veloci- 
ties am, a increase while the pressure decreases.  The converse holds for ~ < aiso.  The longitudinal gra- 
dients of the other flow parameters depend on the manner in which am and a vary. The condition of iso- 
baric flow in the main segment {Xn_< x _< Xe) is obtained from Eqs. (20)-(23): 

- -  c - -  1' c - -  4 d e  (33) + 
m0. 2d ' 

where 

c = l : - - m o ( 1 - - 2 , 1 2 R ) ;  ~/=0.559rn~; e=l .56R 2. 

Only the negative square root is used in Eq. (33), since otherwise K > K 0 and this is incompatible with the 
condition of isobaric flow. 

For illustration, experimental data and calculated distributions of the flow parameters along the x-  
axis in the initial and in the main segment of the ejector are shown in Fig. 3. Experimental and theoretical 
values of the flow parameters for the initial segment at a fixed distance x are shown in Fig.4.  The agree- 
ment between calculated and tested results in both Fig. 3 and Fig.4 may be considered close enough. 

L I T E R A T U R E  C I T E D  

1. G.N.  Abramovich, Applied Gas Dynamics [in Russian], Nauka (1969). 
2. E. Ya. Sokolov and N. M. Zinger, Jet Devices [in Russian], Gosenergmzdat~ " (1960) . 
3. A . P .  Kovalev, Ya. A. Kagan, and D. M. Khzmalyan, Design of Ejectors for Furnaces in Boiler Rooms 

T [in Russian], eploenergetika, No.9 (1963). 
4. P . N .  Romanenko, "Theory of ejection and the design of jet devices," Izv. Akad. Nauk SSSR, Otd. Tekh. 

Nauk, No. 6 (1953). 
5. M.V. Polikovskii, "Designing the inlet stage of an ejector," Izv. Akad. Nauk SSSR, Otd. Tekh. Nauk, 

No. 1 (1957). 
6. G.N.  Abramovich, Theory of Turbulent Streams [in Russian], Fizmatgiz (1960). 
7. O.V.  Yakovlevskii, in: Analysis of Turbulent Air, Plasma, and Real-Gas Streams [in Russian], Ma- 

shinostroenie (1967). 
8. R. Vasudevan, Author's Abstract of Candidate's Dissertation [in Russian], Moscow Power Institute 

(1967). 
9. O . V .  Yakovlevsldi, Izv. Akad. Nauk SSSR, Otd. Tekh. Nauk, No. 3 (1961). 

1544 


