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Flow of t w p h a s e  mixture in  a nozzle is a complex precess and prob- 
lem of increasing technolq ica l  importance. -phase flaw, as  the flow 
of such mixture is normally described, has been the subject of much study 
in  recent years, and one aspect which is receiving increasing a t ten t ion  is 
tw-phase flow a t  changes of flow section. 

The present w r k  is an analyt ical  study of wet steam flows i n  a con- 
vergent nozzle, equations a re  developed for  non-equilibrium flow conditi- 
ons, and taking in  our  s side ration the r a t e  of condensation during the 
expansion. The principal  items of concern i n  this investigation were the 
p e r f o m c e  and establ ish design c r i t e r i a  for  three nozzle profi les ,  lem- 
inscate, curvature and conical shape. The e f f ec t  of nozzle prof i le  and 
the disequilibrium conditions of flow prior  t o  the nozzle an the flow 
parameters along the nozzle, such a s  s t a t i c  pressure, vapour velcci ty,  
v a p r  temperature, water saturation temperature, water droplet v a l w i t y ,  
water droplet s i ze  distr ibut ion and the qual i ty  of steam were investigated. 

In  recent years, a study of gas dynamics of non-equilibrium supersa- 
turated tm-phase flow has received a considerable a t ten t ion  in various 
f i e l d  of modern technology. Problems concerned with generation grcwth of 
condensed phase and an ef fec t  of non-equilibrium interphase heat transfer 
on the behaviwr of supersaturated and mist vapor flows a re  important i n  
wind tunnels turbines in a number of transport uni t s  did power plants, e tc .  

When steam turbines operate in a wet steam region, there a r e  probl- 
ems peculiar t o  wet steam such a s  additional losses due t o  wetness and 
erosion of rotating blade, which a r e  c u a s d  by droplets  i n  wet steam. 
The addit icnal  losses due to wetness a re  a phenanenon i n  which t he  turbine 
eff iciency is reduced by wetness, and tend to increase with wethness of 
the stage. These problems a re  particulary serious in  those turbines, 
which a re  supplied with dry and saturated steam f r a t  nuclear steam gener- 
ators. 

Most of the previous s tudies on the calculations of water vapor e p  
ansion with hanogeneous condensation are  mainly depending on the; equati- 
ons of conservation and thermodynamic picture of the condensing vapor; 
an expression for  the nucleation r a t e  and eqmtions for  droplets growth. 
The previcus work i n  t h i s  area, iMy be classified in to  three topics; 
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Analytical s tudies of Bakhtar [ l] , Bakhtar, e t  a l .  1 2  1 and pakhorskiy, 
et  a l C 3 3  . 
Experimental s tudies of Gyamthy L4 ] and Valha and Ruley L 5 3 . 
Ccanparative s tudies between the analyt ical  and the experNenta1 stud- 
ies .  Phi l ip  163  , Saltanw, e t ,  a 1  l: 7 ] , Puzyrewski and Studzinski 

183 , Bakhtar and Heaton L92 and Snoeck 1103 , have discussed t h i s  
topic. 

In most of the abwe previcus work, several approximations are  usua- 
l l y  involved i r r  the calculations of the flow of condensing vapor through 
nozzles. These res t r ic t ions  a r e  neglecting the e f fec t  of droplet s ize;  
assuming that veloci ty and temperature equilibrium ex i s t s  between the 
vapor phase and l iquid phase throughout; the nozzle, neglecting the ef fec t  
of nozzle profi le ,  neglecting the condensation r a t e  thrcugh the expansion 
process,neglecting the variat ion of dryness fract ion along the nozzle and 
assumiq the physical praperties of the phases a re  not changed during the 
f Low process. 

Thus, analysis basend on the absence of such r e s t r a in t s  remained to 
be evaluated here, for  three d i f ferent  nozzle profi les;  leminscate; curv- 
a ture  and conical shape. The mechanism of the nucleation r a t e  and droplet 
growth was considered a l so  during the calculation. 

: cross-sectional area of the nozzle 
: speed of sound 
: second v i r i a l  cceff icient .  
: Absolute velocity of gaseous phase. 
: Gas specif ic  hea t*a t  c ~ s t a n t  pressure 
: Liquid specif ic  heat a t  canstant volume. 
: Drag force on a droplet.  
: Specific enthalpy. 
: Nozzle length. 
: MlecuLar mean f r e e  path length. 
: mass of droplet. 
: number of droplets per un i t  length. 
: number of droplets  per uni t  mass. 
: Pressure. 
: Gas constant. 
: Droplet radius. 
: Absolute temperature. 
: time. 
: droplet  velocity. 
: specif ic  volume. 
: Relative velocity = c - u 
: Dryness fract ion.  
: Distance along the nozzle axis. 
: Wetness f rac t icn  (by mass flcw ra te) .  
: Condensation coeff icient  or  value ofX where droplet id  born. 
: Thermal conductivity. 
: Dynamic viscosity. 



f : Densitv 
&&.riri,t'sr"p"rature difference = T -T 

s g 
C : cri t ical  value 
f : Liquidphase. 
fg : phase transition. 

. g : Gaseous phase. 
i : Ini t ial  value ahead of nozzle. 
S : saturation conditions. 

2. ANALYSIS: 

2 .l- Assumptions: 

The following assumptions apply to a l l  the analytical mrk described 
below :- 

1- The flow of mixture is treated as one-dimensional, steady and the effe 
ffect of wall boundary layers are neglected. 

2- The vapor phase is considered to be a real gas with variable specific 
heats . 

3- Liquid phase consists of spherical inccorrpressibel droplets, ecupies 
negligible volume and its enthalpy equals to of saturated liquid. 

4- Number of drcplets are assumed to be cmstant during the expansion, 
while the cmdensation effect w i l l  appear as  an iwrease in the droplet 
diameter. 

5- Sukritical droplets are not considered on the liquid phase, 

2.2- Basic Equations: 

The basic equations governing the motion my be written as in ref .[ll]. 

Conservation of mass for liquid phase : 

d m .  u. z = m  .................................... (1) 

Conservation of mass for the gasecus phase. 

d ;& ( p c ,  + M = O  ................................... (2) 
Conservation of mwenturn for the liquid phase 

D = m - -  2 W; .................................. (3) 

Drag force-D my also obtained £ran the following relation as i n  ref 
C 11'1 . 

where, Kn is the Kundsen number 

Cmservation of manentwn for the gaseous phase 

A . z  " t N D + A f  C . x  dc = O  .......................... (6) 
g 



Energy Equation : 
dhf c2-u2 a,, A 5 c2 2 + t . m . u .  * + A  fg C. a+ t . m  - ~ h  +- lZ=a dx dx fs 2 

Equatim of state. 
..... --"= 1 + 8. Ig ................................... (8) 

*g ? 
where, B is the second v i r i a l  coeff icient ,  and accordit-rg t o  C 2 1 : 

B = C 1 -  
c ~ . ~ ~  L ~ 1 / ( ~ 2 4 $ ) ]  

T rn3/kg. 
g 

where, 

C, = 2.0624 X , C2 = 2.61204 . Bl = lOCB00 , B2 = 3411x1 . 
Solving Equs (1-6) yields the follcwing relat ions ; 

Droplet diameter variation along the nozzle ax i s  

dr r '  - - ............................................... 
d b c - i i  (9) 

where. t = droplet grarth r a t e  rc 
d r  hhg 1 -  - . . . ............... r 

f = = p,. + , A T (10) 
f g 

Wetness gradiant along nozzle ax i s  

where, 
x = (lt2B r g ) / ( l + ~  r g I  

C 

Droplet velcci ty variation . 

- 
Gaseous phase velcci ty variation . 



and RI.N.U.R!$.C~~ C yc C E rg f c 
K2 = ( A . T ~ . c ~ . P " ~ ~ ~  ) + T.C l-  -1) - + 

-4' 
g P3 xc g Pg g .  9 

C.T . K 1  T . K 1  

Pressure variat ion along the nozzle axis  

dP ND . - = - - -  dc . ..................................... dx A Pg.c.= I (14) 

Variation i n  wet-steam density. 

3 

Variation in gaseous temperature 

Variation i n  saturation temperature of l iquid phase 

dTs S -= -  - ......................................... ax P. hfq ' d x  (17) 

Variation i n  the l iquid phase enthalpy 
'3 

variat ion in  the gaseous phase enthalpy 

Variation in the  enthalpy of phase t ransi t ion 

dh dh dh, fs=_s-- & & & ............................................ (20) 

The above equations (9-20) are simultanea~sly integrated w e r  a fin- 
ite s t ep  length. The integration was car r ied  cu t  using a 4th order 5 
stage Runge-Kutta M e r m  method. A t  each step, the v a p r  and the l iquid 
parameters a r e  known. 

3. RESULTS AND DISCUSSION: 

The work was mainly coricerned with the behaviwr of non-equilibrium 
wt-steam through three nozzle profi les ,  sham i n  Fig . ( l ) .  These prof i les  
a re ,  Leminscate (profi le  I) , conical (Profi le  11) and Curvature (Profile 
111) . 

1 In order to establ ish t h i s  behaviour more c lear ly ,  a l l  the calculat- 
ion which c a r r i p  out  here; a r e  for  wet steam has the following conditi- 
ons; 5 = 7 kg/m , saturation temperature T = 438 $ and X = 0.995. The 
initiql.  s l i p  veloci ty or the i n i t i a l  disequflibrium ahead of each nozzle 
was aqsumed t o  be 0.98. 



3 .l- The Pressure Variations Along The Nozzle Axis: 

The variations of pressure along the nozzle axis are shuwn in Fig. (2 j  
W i d  curve represents the result for the profile I and broken curve repr- 
esents the result for the profile 11, while the dashed and dotted curve 
represents the result for the profile 111. Fran these curves it can be 
seen that the pressure along the nozzle axis, for each profile, decreases 
monotonically. The effect of changing the nozzle profile is clear also 
£ran the figure, where a ripid decrease is obtained £ran the nozzle which 
has a conical (profile II), as it canpared with the other two profiles I #  

used here. This may be due to the effects of changing the flow area and 
the drapletgrwth which has an influence on the shape of pressure distri- 
h t ion as shown in  the Fig. (2) .  

3.2- T%e Behaviour Of Gas And Droplet Velccitios: 

Fig. (3) , shows the behaviaur of the gas and droplet velocities thro- 
ugh the nozzle. Solid curves indicate the change of the gas velocity along 
the nozzle axis and the broken curves are for the change of dropletvelo- 
city along the nozzle axis. 

In a l l  these results the gas velccity, C, is greater than the droplet 
velocity, u, and both of c and u are increase along the nozzle, for each 
nozzle profile used. The nozzle profiles have a significant effect cpl the 
result as shown in the figure. The effect of disequilibrium ahead of the 
nozzle is also clear in the figure. These results my be explained as the 
flow area decreases, the pressure distritution decreases and the mentum 
exchange between the gas phase and the liquid phase has a positive value; 
a l l  ob these and with the negative heat transfer between the two phases 
results an increase of gas velcxity along the nozzle. 

3.3- The Behaviour Of Droplet Grawth: 

The variation of the droplet radius a l q  the nozzle has been calcu- 
lated, thrcxlgh different nozzle profiles, and the results are shown in 
Fig. (4) .  Solid curve indicates the result for the nozzle profile I, and 
the broken curve indicates the result for the nozzle prafile 11, while the 
dashed and dotted curve indicates this result for the profile 111. Fran 
this figure, it can be seen that the droplet size increases along the nozzle 
axis due to the condensation effect, since the number of droplets were 
assumed to be constant through the calculation. The nozzle profile has a 
significant effect on the droplet radius change along the nozzle axis as 
shown in this figure. Fig. (4) , also indicates that, the droplet size 
distr iht ion cunre for the conical nozzle (profile 11) has a m l l e r  val- 
ues than those obtained for the other profiles, i. e. the value of (r/r . ) , 
a t  the nozzle exit, is 2.23, for profile 11. While this value, for th& 
other profiles I and 111, is 2.66. This my be due to the rate of conde- 
nsation through the conical nozzle is less than the other, since the num- 
ber of droplets for a l l  the profile were assumed to be canstant through 
the calculation. 

3.4- The Varatim of Dryness Fraction: 

F ig. (5) shows the variation of dryness fraction along the nozzle, . 
for different nozzle profiles. Solid curve represents the variation of X 



through the nozzle prof i le  I, broken curve represents the variation of X 
thrcugh the nozzle prof i le  I1 and the dashed and dotted curve represents 
t h i s  variat ion through the nozzle prof i le  111. Fran t h i s  figure, it can 
be seen tha t  the dryness fract ion X decreases along the nozzle ax i s  and 
depends on the shape of nozzle profi le .  The r a t e  decrease of X a l q  tke 
nozzle is greater  for  the prof i le  I than the others. This is because the 
irate of condensation through the p ro f i l e  I is high a s  it canpared with the 
other profi les .  

3.5- The variat ion Of Sl ip  Velocity: 

Fig. (6) s h s  the variat ion of s l i p  veloci ty along the nozzle axis. 
Solid curve represents t h i s  variat ion along the nozzle I, broken curve 
represents t h i s  variation along the noqzle 11, and dashed and dotted curve 
represents the r e su l t  for  the nozzle 111. The nozzle prof i le  shape has a 
s ignif icant  e f fec t  on the resul t .  The s l i p  veloci ty decreases with the 
increase of distance along the nozzle axis. The values of f i n a l  s l i p  vel- 
oc i ty  were found t o  depend on the nozzle prof i le  shape, for  example t h i s  
value for  prof i le  I is 0.77, for  prof i le  I1 is 0.645 and fo r  prof i le  I11 
is 0.616. The discrepancy of the resul t s  wid, of course , due to the 
rate of condensation and the change of flow area. 

3.6- Variation Of Gas And Liquid Saturation Temperatures: 

Fig. (7) s h s  the variat icn of gas and l iquid  saturation temperatures 
along the nozzle axis ,  for  d i f fe rent  nozzle profi les .  Solid curves indi- 
ca t e  the variat ion of l iquid saturat ion temperature and broken curves in- 
dicate the variat ion of gas temperature a l q  the nozzle axis. Fran t h i s  
figure, it can be seen that both of Tg and Ts a r e  decrease along the no- 
zzle ax i s  and the i r  behaviour was found to depend on the nozzle prof i le  
shapes. In  t h i s  f igure Ts is greater  than !l.t~ through a l l  the nozzles tested 
here. A s  the s l i p  velcci ty (u/c) , through the nozzle,becc~nes pragressi- 
vely smaller; i f  it canpared with the i n i t i a l  value ahead of nozzle; the 
heat t ransfer  imreases  i n  importance and eventually becanes the d c m i ~ n t  
factor  and the temperatures a r e  decreases thrcugh the expansion process. 

4. CONCUTSIONS: 

A one-dimensional approximation to steady ncn-equilibrim, two-phase 
flow of wet stem flow i n  a convergent nozzle has been shown to produce 
solutions which give a reasonably accurate prediction of condensing vapor 
and its behaviour i n  a real wet steam nozzle flow. 

An analysis based on the Runge-Kutta-Merson method was used i n  the 
calculations. The disequilibrium flow conditions between the phases have 
been shown to have an h p r t a n t  influence on the flow properties alcng the 
nozzle. The variat ion of droplet s ize,  dryness fract ion,  pressure d i s t r -  
ibution, gas velocity, l iquid velocity, gas temperature and l iquid satur- 
a t i on  temperature, were found to depend on the both o£ the nozzle prof i le  
shape and the r a t e  of condensation. 
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II - Conical. 

III - Curvature. 
FIG( 1 ) : Nozzle Shape. 









FIG( 5 ): Variation o f  Steam Dryness Fraction Along the Nozzle Axis. 
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