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F L O W  OF A LIQUID-GAS MIXTURE IN A CONTOURED NOZZLE WITH CON- 
STANT PHASE VELOCITY D I F F E R E N C E  
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A one-dimensional approximation is used to examine simultaneous 
flow of a gas and of liquiddrops in a shaped nozzle under conditions 
of constant velocity difference between the phases, The nozzle profile 
to achieve this flow is determined, The parameters of the gas-liquid 
mixture are obtained in explicit form as a function of the dimension- 
less gas velocity. : 

In s o m e  s i tua t ions  the need a r i s e s  to i n c r e a s e  the 
m e c h a n i c a l  e n e r g y  of an i n c o m p r e s s i b l e  l iquid wi th-  
out us ing  equ ipment  involv ing  moving  p a r t s  and c o m -  
p a r a t i v e l y  complex  and expens ive  cons t ruc t ion .  One 
method  of so lv ing  th i s  p r o b l e m  is  s imu l t aneous  a c c e l -  
e r a t i o n  of a l iquid  a n d a  gas  i n l i q u i d - g a s  n o z z l e s ,  Todo  
th is  we a r e  r e q u i r e d t o  ca l cu l a t e  the  flow of a t w o - p h a s e  
g a s - l i q u i d  m e d i u m  in t h e s e  d e v i c e s .  The p r e s e n c e  of 
a c o n s i d e r a b l e  amount  of l iquid in the gas  r e q u i r e s  
ca l cu l a t i ons  of the  inf luence  of the l iquid phase  on the 
p a r a m e t e r s  of the c a r r i e r  gas,  a m a t t e r  which con-  
s i d e r a b l y  c o m p l i c a t e s  a n a l y s i s  of the flow. N u m e r i c a l  
m e thods  [1, 2] a r e  r e q u i r e d  to so lve  this  p r o b l e m ,  
even in a o n e - d i m e n s i o n a l  fo rmu la t i on ,  in the  g e n e r a l  
ca se .  In s o m e  p a r t i c u l a r  c a s e s  it  p r o v e s  p o s s i b l e  to 
f ind a s e r i e s  of funct ions  d e s c r i b i n g  the na tu re  of the 
e n e r g y  t r a n s f e r  be tween  the phase s ,  in exp l i c i t  f o rm.  
Such so lu t ions  we re  given in [1] fo r  i s o b a r i c  and i s o -  
chok'ic f low p r o c e s s e s  of a g a s - l i q u i d  med ium,  in which 
the l iquid  was d i s t r i b u t e d  in the gas  in the f o r m  of 
d r o p s  of un i fo rm s ize .  

F ig .  1. Schemat i c  of the  g a s - l i q u i d  
nozz le .  

The  p r e s e n t  p a p e r  e x a m i n e s  s i m u l t a n e o u s  flow of 
a gas  and of l iquid  d r o p s  in a channe l  of v a r i a b l e  
c r o s s  s e c t i o n ,  s a t i s f y i n g  t h e  condi t ion  tha t  the  v e l o c -  
i ty  d i f f e r e n c e  of the p h a s e s  should  be cons tan t  t h rough-  
out t h e  whole p e r i o d  of e n e r g y  t r a n s f e r  be tween  gas  
and l iquid.  Th is  condi t ion  is of i n t e r e s t  in the  s e n s e  
that,  f o r  a p r o p e r  cho ice  of the v e l o c i t y  d i f f e rence ,  
it  is  p o s s i b l e  to a p p r e c i a b l y  r e d u c e  the  d i s s i p a t i o n  of 
m e c h a n i c a l  e n e r g y  in the  c a r r i e r  gas  in c o m p a r i s o n  
with l o s s e s  o c c u r r i n g  in j e t - t y p e  equ ipmen t  of the i n -  
j e c t o r  type.  

The s c h e m a t i c  fo r  computa t ion  of the g a s - l i q u i d  
nozz le  i s  shown in F ig .  1. 
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F i g .  2. D i s t r i b u t i o n  of p a r a m e t e r s  of  the  
g a s - l i q u i d  m i x t u r e  a long  the ac t i ve  p a r t  
of the nozz le :  1) Wg, m / s e c  ; 2) Wd, m / s e c  ; 
3) Td,  ~ 4) Pc, k g / m 3 ;  5) P~" 10 -~,  N /  
/m!;-6) Tg, ~ K.x)a• coordinate, m. 

At the section 0-0 the parameters of the gas and 

liquid and their thermal physical properties are as- 
sumed known. Dynamic interaction of the gas and 
liquid begins at this section and ends at the section 
i-i. Sections 0-0 and I-i impose a restriction on 

the contoured part of the nozzle, in which acceleration 
of the liquid phase is accomplished. The nozzle pro- 
file is determined by the ambient parameters of the 
gas-liquid mixture, describing the assumed conditions 

of the flow. 
The following assumptions are made in the analysis 

of the motion of the gas and liquid: 
i. The problem is solved in a one--dimensional 

f o rmu la t i on .  
2. The  m a s s  t r a n s f e r ,  c h e m i c a l  r e a c t i o n s  be tween  

the i n t e r a c t i n g  pha se s ,  and the f luxes  of en tha lpy  and 
m o m e n t u m  through  the s ide  wa l l s  of the  channel  a r e  
a l l  z e r o .  

3. The  l iquid  phase  is  d i s t r i b u t e d  in the gas  in the 
f o r m  of d r o p s  of un i fo rm and iden t i ca l  s i ze .  The d r o p s  
do not  i n t e r a c t  with one ano the r  and with the  channel  

wa l l s .  
4. The  t h e r m o p h y s i c a l  coe f f i c i en t s  of the gas  and 

l iqu id  a r e  independent  of the m i x t u r e  p a r a m e t e r s .  
5. The  only f o r c e  changing  the d rop  m o m e n t u m  is 

the f o r c e  of f r on t a l  r e s i s t a n c e .  
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The following equations a r e  used to descr ibe  the 
flow of the gas-l iquid mixture  in the nozzle: 

Equations of motion for  the gas and drops: 

mgflWg -- - -  ~gdP --  m ddW d, (1) 

MddW a = CxpgY~--~ Sdd'L (2) 

/ 

/ 

t 
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Fig. 3. Profi le  of the gas-l iquid nozzle: 
f .  10 s) t r a n s v e r s e  c ross  section of the 

nozzle,  mZ; x) axial coordinate,  m.  

The energy equation: 

The continuity equations for  the gas and tiquid: 

�9 m s = p~wgfg, (4) 

m e  = PdWd: f d .  (5) 

The heat t r ans f e r  equation: 

cd dTd = a f-~ (Tg-- Td l d,~. 
Md (6) 

The equation of state for  the gas: 

P = ~Rrg. (7) 

The condition for  constant difference of velocity 
between the '  phases:  

V = wg--wa =. const. (8) 

We shall calculate the change in r es i s t ance  coef-  
f ic ien t  of a l iquid drop and in the coefficient of heat 
t r ans fe r  f rom the gas  to the drop by means  of the fo l -  
lowing re la t ions  [3, 4]: 

c~ = aVV ~e, (9) 

(z = ~ a~ V'R~. (10) 
d~ 

A boundary condition for  the sys tem of equations 
(1).(10) is the given p a r a m e t e r s  of the gas- l iquid m i x -  
ture  at the initial nozzle section (P0, Tg0, Pg0, Td0,~Wd0, 
Wg0, fg0, fd0, Cx0, c~0, "re = 0). : 

By solving the s y s t e m  (1)-(10),  the des i red  func- 
tions a re  found in the following form; 

The t empera tu re  of the liquid drops 

7:d =Adi~o2+A~o+ &~+Aa~ exp (--N~), 0.1) 

where 

2c~ u + l  13§ 

co L ~ -  p + l  J' 

, B 

'h~ =' c,,(p + 1) + 

wgo(1 +u=-'UV/woO) w~ (u ..b 1) 
. . . .  ck4'i13 + 0 " "  

A~=Tdo--Ada, ~ = u  CO , N~-A(]~§  
c o 

A = 8 ~  kgWc~ B = c ,  Tgo§ 
a~ ~gC d V 

(12) 

Here,  and in what follows, we use the dimension-  
less  gas velocity co = Wg/Wg0 - 1 as the independent 
variable.  At the initial section co = 0. 

The gas t empera tu re  is 

Tg=Ag~o~+Ag2o-~Ag~+Ag4 exp (--No)), (13) 

where 

Ag~ = 4o 1), - P &1 - ~C~ (u + 

Ag2 = - -  13 Ad2 - -  (1 + u --  uV/wgo) w_~,o C'p ' 

A g 3 = B _ p A d 3 ,  Ag, = _l~Ao,. (14) 
cp 

The gas p r e s s u r e  is 

_ _  [ ( u  +1)% Po = exp - -  x 
P R 

m 

i (0J + l)do~ 
• Alto ~ + A ~ o + A a + A C e x p ( - N o )  

where 
c~ (i = 1, 2, 3, 4). A, = Ag~ ~o ~ 

(15) 

The integral  in (15) is not expressed  in t e r m s  of 
e lementary  functions, but when heat  t r an s f e r  between 
the phases can be neglected, a re lat ion P = P(w) can 
be obtained in the fo rm 

(u+l)cp_~ 

__Po = ( AIo2-F A2o + A,~, .)2RAt X 
P A s 

ca(u+]) (1 A= 

[ (8--2A1o--A~)(sq-A~} ] T " - ~ ] ,  (16) 

where 

8 = VA~-~--4A1A~. 

The geometr ic  p a r a m e t e r s  of the nozzle (current  
length and a r e a  of act ive c ro s s  section of the gas and 
liquid phases) 

x = o~dco (17) 
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w h e r e  
3a~ o.~ VI.6 

~Ud' Pal, ~o 
P (~) 

m c 

f g =  pg(o)(lq_o)~e~0 ; 
(18) 

fd = rnd (19) 

The ve loc i t y  of the  gas  and of the l iquid  d rops  

wg= wg~ (1 + o ) ,  

w a = ~ o  + ~go~o. (20) 

The  da ta  ob ta ined  a l low ca lcu la t ion  of the  r e m a i n -  
ing p a r a m e t e r s  of i n t e r e s t  of the g a s - l i q u i d  m e d i u m  
(en t ropy  of the  gas  phase ,  ene rgy  t r a n s m i t t e d  to the 
l iquid,  etc.  ). 

By way of example ,  F i g u r e  2 g ives  g r a p h s  showing 
the change  of the p a r a m e t e r s  of the g a s - l i q u i d  f low 
along the  ac t i ve  p a r t  of the  nozz l e  for  one c a s e  of f low 
of an a i r - w a t e r  m i x t u r e ,  The  p a r a m e t e r s  of" the  a i r  
and w a t e r  at  the in i t i a l  s ec t ion  w e r e  a s s a m e d  as  fo l -  
lows:  P0 =5 .88"105  N / m  z, Tg0 =300  ~ K, u = 5 ,  r a g =  
= l k g / s e c ,  V = 4 0 m / s e c ,  Pg0 = 6 . 8 4 k g / m  a, Wd0 = 0 ,  
Td0 = 300" K, d d = 0.932" 10 -4 m. At  the nozzle  exi t  

�9 the  g a s  p r e s s u r e  was taken  to be  P l  = 0.98" 10 ~ N / m  z. 
F i g u r e  3 shows the nozz le  p r o f i l e  ob ta ined  by c a l -  

cula t ion .  It should  be  noted  that,  in sp i t e  of the f low 
r e g i m e  of the gas  be ing  subsonic ,  a c o n v e r g e n t - d i v e r -  
gent  nozz le  p r o f i l e  is  obta ined.  It is  a l so  c h a r a c t e r -  

i s t i c  that  the gas  ve loc i ty  at  the nozz le  t h roa t  is  125 
m / s e e ,  which is c o n s i d e r a b l y  l e s s  than th~ ve loc i ty  
of sound in a i r  f o r  the a p p r o p r i a t e  t e m p e r a t u r e .  

NOTATION 

rag, Wg, pg, Tg, Cp, P, ttg, kg, and R are themass 
flow, velocity, density, thermodynamic temperature, 
specific heat at constant pressure, pressure, dynamic 
viscosity, thermal conductivity, and gas constant fer 
the  gas  phase ,  m d, Wd, Pd, Td '  and c d denote  the  flow 
r a t e ,  ve loc i t y ,  d~nsLty, therrnodyne~mic t e m p e r a t u r e ,  
and spec i f i c  hea t  of the l iquid p h a s e ;  f g ,  f d  a r e  the 
t r a n s v e r s e  flow c r o s s  s e c t i o n s  a s s u m e d  fo r  the gas  
and l iquid p h a s e s ,  r e s p e c t i v e l y ;  Md, Sd, Fd ,  and d d 
a r e  the  m a s s ,  m i d - s e c t i o n  d i m e n s i o n ,  s u r f a c e  a r e a  
and d i a m e t e r  of a d rop ;  C x is  the  r e s i s t a n c e  coe f f i -  
c[ewt of a d r o p ;  a ~s the  coefficim~t of h e a t  t r a n s f e r  
be tween  the gas  and the  d rop ;  r is  t i m e ;  x i s  the d i s -  
t ance  a long the nozz le  a x i s ,  r e c k o n e d  f r o m  the  in i t i a l  
section.;  a i ~ 10.5 to 14, a 2 = 0.54 a r e  e m p i r i c a l  con-  
s t an t s  [3,4];  u = m d / m g ;  Re = pgVdd /#g .  

REFERENCES 

i. V. A. Bashkatov and A. A. Tsvetkova, Izv. SO 
AN SSSIR, ser. tekhn, nauk, issue 2, no. 6, 1965. 

2. Collection: Basic Gasdynamies, ed. G. Em- 
mons [Russian translation], IL, 1963. 

3. A. S. Lyshevskii, Izv. vuzov, Energetika, no. 
7, 1963. 

4. D. N. Vyrubov, ZhTF, 9, no. 21, 1939. 

4 Ju ly  1966 
Aviation Institute, 

Aviation Institute, Khar'kov 


