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When condensation occurs in supersonic flow fields, the flow is affected by the latent heat released. In 
the present study, Navier-Stokes equations were solved numerically using a 3rd-order MUSCL type 
TVD finite-difference scheme with a second-order fractional-step for time integration. Baldwin-Lomax 
model, that is the algebraic model, called the zero equation model was used in the computations. The 
effects of initial conditions (initial degree of supersaturation and total temperature in the reservoir) on 
condensing flow of moist air in a supersonic circular half nozzle were investigated. In this case, the 
effect of condensation on the boundary layer was also discussed in detail. As a result, the simulated 
flow fields were compared with experimental data in good agreement, and the velocity and temperature 
profiles were largely changed by condensation. 

K e y w o r d s :  n u m e r i c a l  s i m u l a t i o n ,  c o m p r e s s i b l e  f l o w ,  c o n d e n s a t i o n ,  b o u n d a r y  l a y e r ,  m o i s t  
a i r .  

I N T R O D U C T I O N  

Many studies [x-13] on the condensation shock wave 
occurring in the case of the rapid expansion of moist 
air or steam in a supersonic nozzle have been per- 
formed, and the characteristics of condensation shock 
wave have nearly been clarified. A condensation shock 
wave also occurs in the blade passage in a steam 
turbine [14'15]. Such a condensation shock wave that  
interacts with the boundary layer on the surface of 
the turbine blade, affects the flow in the blade pas- 
sage in a steam turbine. However, the flow in the 
blade passage with the condensation shock wave is not 

Received, 1997. 

yet understood satisfactorily [1s,1~]. 

For condensation phenomena of moist air in the su- 
personic nozzle, Schnerr et al.[ls] conducted the sim- 
ulation using a combination of analytical and numer- 
ical methods, and clarified the effect of condensation 
on the boundary layer. Yamamoto et alfl9] and Schn- 
err et al.[12] investigated the effect of condensation on 
shock wave on surface wing. However, they did not re- 
fer to the effect of condensation on boundary layer. Se- 
toguchi et al.[20] showed the effect of condensation on 
the thickness of boundary layer experimentally. Fur- 
thermore,  in order to confirm the usefulness of exper- 
imental results, Setoguchi et al. solved Navier-Stokes 
equations without a turbulence model in the computa- 
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Nomenclature 
CI skin friction coefficient 
Cp specific heat at constant pressure 
I nucleation rate (1/m3s) 
L latent heat of condensation [22] 
M molecular mass 
NA Avogadro's number 
P~ Prandtl number of mixture 
R~ Reynolds number 
R radius of nozzle 

universal gas constant(=8314.41 (J/kmol- K)) 
S supersaturation 
T temperature 
c frozen sound speed [23] 
em total energy per unit volume of mixture 
g condensate mass fraction 
k Boltzmann constant (=1.380622 -23 (J/K)) 
l0 characteristic length 
m mass 
p pressure 
p~ saturated vapour pressure [24] 
r radius of droplet 
r~ critical radius of nuclei 
t time 

u, v velocity component in Cartesian coordinate 
x, y Cartesian coordinate 
F accommodation coefficient for nucleation 
7 ratio of specific heats of mixture 
6* displacement thickness 

coefficient of surface tension 
Karman constant 

p kinetic viscosity 
u kinematic viscosity 
~, ~7 generalized coordinate system 
~ condensation coefficient 
p density 
a~o surface tension in flat surface 
r shear stress 

S u b s c r i p t s  
0 condition in the reservoir section 
W wall 
f frozen 
a air 
l liquid 
m mixture 
v vapour 
cx~ main stream 

tion and showed reduction of the displacement thick- 
ness of boundary layer in case with condensation. 
Thus, in the previous study, the effect of condensing 
flow on boundary layer has not yet been clarified sat- 
isfactorily for the case of high relative humidity with 
strong condensation shock wave that  is observed in the 
blade passages of a steam turbine and so on. There- 
fore, it is important to investigate the interaction phe- 
nomena of the boundary layer and condensing flow 
with strong condensation shock. 

In the present study, Navier-Stokes equations were 
solved numerically using a 3rd-order MUSCL type 
TVD finite-difference scheme with a second-order 
fractional-step for time integration. Baldwin-Lomax 
model[ 21], that  is the algebraic model, called the zero 
equation model was used in the computations. The 
effects of initial conditions (degree of supersaturation 
So and total temperature To in the reservoir) on con- 
densing flow of moist air with a condensation shock 
wave in a supersonic circular half nozzle were investi- 
gated together with the effect of the condensation on 
the boundary layer. 

two phase flow are as follows: 

1. No velocity slip exists between condensate par- 
ticles and gas mixture. 

2. No temperature difference exists between con- 
densate particles and gas mixture. 

3. Effect of the condensate particles on pressure is 
neglected. 

The governing equations under consideration are 
the unsteady two-dimensional compressible Navier- 
Stokes equations and droplet growth equation[ 25] writ- 
ten in the Cartesian coordinate system (x, y). To ob- 
tain the normalized conservation equations, all vari- 
ables are non-dimensionalized as follows: 

u* =  /e0 v*  =  /e0 t* = 

x* = 5 / L  y* = ~ / L  P* = -P/-Po 

T* = T / T o  P* = P/(TmP0) #* = ~/~0 
* 

em = em 0 

where overbar notation indicates dimensional quan- 
tity. The governing equations that  superscript * is 
omitted, can be written as 

N U M E R I C A L  P R O C E D U R E S  

Governing Equations 
Assumptions using in the present calculation of the 

o-7 + + 0y - Re + + q (1) 

where 
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In these equations, 

1 
e,~ = pmCpoT - p + ~pm(U 2 + v 2) - pmgL 

OT 
a = u r ~  + vru~ + 

(~/-  1)P,- Ox 

# OT 
= ur~y + vTyy + 

(~/-  1)Pr Oy 

p = p~(l  - g )~r  

L = 2.353 x 106 - 5.72 x 104( lnp-  10) 

-4 .60 x 103( lnp-  10) 2 ( J / kg )  

~'~, rxy, ~'y.x and T~y are components of viscous shear 
stress, g, D1, D2 and [93 are indicated as follows: 

dg dt = ~-~ { ! lrralF D dr = - -  + P,~ I-~ } 
3 

[91 = dD1 47rr2 I____LF + dr 
dt - pm D2 -~ 

[92 = dD2 8~rrclF + dr 
d t -  p---~ n 3 - ~  

[93 = dD3 = 8~rlF 
dt pm 

Using dimensional quantities, these equations may be 
expressed as follows: 

dg 
-do dt 

~2 d-~l 
/~i ~_-- x - 

-do d~ 

i 3 dD2 
/ ~ 2 = - -  X - -  

-do d~ 

b~ = ~ d ~  
- -  X - -  

-do d~ 

Nucleation rate ¢6 ] ,  critical radius of the nuclei rc 
and radius growth rate ÷ are 

and 

IF = F.  I, (2) 

I =  1 ( p v ~ 2  / 2 a M y  f - 4 7 r a r 2 } ,  (3) 
p - ~ /  V--~-~-~ exp~ 3 - ~  

2a 
rc pzNTln(pv/poo) (4) 

P, ~ ~ - 1 (5) 

respectively. 
where 

Poo = 10 ( - A / T + B )  × 101325(Pa) 

A = 2 2 6 3 ,  B = 6 . 0 6 4  ( T = 2 7 3 ~ 3 9 5 K )  

A = 2 6 7 2 ,  B = 7 . 5 8 2  (T=175 , -~273K)  

p~ = 1000 (kg/m 3) 

F [27] and ~[2s,29] are accommodation coefficient for 
nucleation and condensation coefficient, respectively. 
Surface tension 0 .[25'27,30] is given by using the surface 
tension of an infinite flat-film ao¢ and the coefficient 
of surface tension 31'32'33] ~ as follows: 

O" = ¢O'oo 

ao¢ = (128 - 0.192T) × 10-3(N/m) 

In calculation, values chosen for F, ~c and ~[36] are 

F = 1 0 6 ,  ~c--0-9, ¢ = 1 . 2 9  

Calculation Procedures 
The unsteady two-dimensional compressible Euler 

equations are written in the generalized coordinate 
system as follows: 
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+ ( 6 )  

where 

0 = J U ,  1~ = J ( ~ E  + ~uF), F = J (y~E + yvF), 

1~ = J(~R+~vS), S = J(y~R+yuS), {~ = J Q  (7) 

In order to solve the set of above equations, 3rd- 
order MUSCL type TVD finite-difference scheme with 
a second-order fractional-step for time integration 
are adopted to the flow equations and the droplet 
growth equation and a second-order centered differ- 
ence scheme is used for viscous terms. The discrete 
equation of 3rd-order MUSCL type TVD scheme can 
be approximated as 

where 
A* = minmod(Ai+l/2,~A~_a/2) 

A** = minmod(Ai+x/2, f~Ai+3/2 ) 

minmod(x, ~u) = sgn(x)- max{0, min[Ixl, sgn(x).  ~y]} 

A i + I / 2  = U i + I ,  j - -  U i ,  j 

~ 3 - - e  
1 - - z  

The spatial order of accuracy is determined by the 
value of e. In the present calculation, e = ½(~ = 4) is 
used to obtain the spatial 3rd order of accuracy. 

In calculation, the two-dimensional flux Jacobian 
matrices in generalized coordinates for ~ = 0 E / 0 U  
and ~n = 0 ~ ' / 0 0  are as follows: 

ff~ or ~n = 

0 n + l  ___: O n . i,j  ',3 -- ~t~(En-t -1/2 , j )  

- 

- ) 

+(~"(S~j+~/2 - S ~ - ~ / 2 ) ) / R e  + At(~,3 

where 
A ~ = A t l A S ,  )t ~ = At lA,7  

At, A~ and Al7 indicate the time step, the mesh spac- 
ing in the ~, 17 directions, respectively. ^ 

The numerical flux Ei+ ½ that notation for j is omit- 

ted for simplicity, can be 

E,+½ = + E(uLI/ )] 

- ( x , ) i + I / 2 [ F ( U ~ w 2 )  + F(uL+I/2)] 

+Ti+l/2¢~+l/2Ji+l/2} 

^ n  Terms for F i j + l / 2  have a similar form also. 

Matrices T and ~ are expressed using eigenvectors 
and eigenvalues [34]. The values of mesh points (i + 
1 /2 , j )  for matrix are given by arithmetic average of 
values in mesh points ( i , j )  and (i + 1, j)  

The numerical fluxes of E(UR+ ½ ) and E(uL+. _~ ) are 

• 1 a s  follows: ones evaluated by U R 1  and U L 
1+ 3 

a 1 , ** 
U i + I / 2  ----- U i + I ,  j - ~[(1 - e)hi+3/2 + (1 + $)Ai+1/2]  

L 1 ** , 
U i + I / 2  = El, j + -~[(1 - e)Ai_a/2 + (1 + e)Ai+l/2] 

0 k .  

-uO + k~¢ O -  ( G - 1 ) k . u  

-vO + ku¢ 
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¢ = GgL + 1G(u2 + v 2) 

¢ = GgL - 1G(u2 + v 2) 

with k -- ~ or 0 for ~e or ~n,  respectively. 
The flux Jacobian matrices have real eigenvalues 
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and a complete set of eigenvectors. 
The  similarity transforms[ 35] are as follows: 

where 

= 2 _ 2 Ae D[U,U,U+c~Z-~+~v,U cvf-~ +~2~ ,u , v , v , v ]=  

U O  0 

O U  0 

o o u+cvf~2+( ~ 
0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 0 0  

0 0 0 0 0  

0 0 0 0 0  

U-c~+(~ 0 0 0 0 

0 U O 0 0  

0 O U O 0  

0 O O U O  

0 O 0 0 U  

_z V c/-~ v, vJ A,, -- D[V, V, V+cv/~ + .y, - V ''= + ~1~, V, V, = 

V O  0 

O V  0 

o o V + c ~ + ~  

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 0 0  

0 0 0 0 0  

0 0 0 0 0  

V - c , ~ + n ~  o o o o v ~ v 
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0 O V O 0  

0 O O V O  

0 O 0 0 V  

= 

1 0 ~1 ~1 0 

~, k , p , ~  fh(~ + k~c) A(~, - k~c) o 

¢ pm(~yu - kxv) ~1 "¢ + cz + c2 - (,-----G-~ + c0) ~1( ¢ G cO) pro(pinK G GL) 
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D1 0 D1~1 DlJ31 0 
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1 z 

1 - ¢c -2 Gc-2u Gc-2v Gc -2 ( p ~ K -  GL)c -2 0 0 0 

__p--l(]gy u - -  f~xV ) ~ --1 kup m - k x p ~  1 0 0 0 0 0 

f ~ ( ¢ -  c0) a~(k~c-  Gu) ~2(kvc-  Cv) ~2G - ( p i n K -  GL)Z2 0 0 0 

N(¢ + c~) -Z~(~¢~c + au) -Z~(i~c + a~) &C - (p inK-  GL)& 0 0 0 

_gp~l  0 0 0 p~l 0 0 0 

- D l p m  1 0 0 0 0 p~l 0 0 

-D2Pm 1 0 0 0 0 0 pm I 0 

- D a p ~  1 0 0 0 0 0 0 p~l 

Pm 1 
~ 1 -  V ~ C '  ] ~ 2 -  ~e/~pm c , 

kx - kx k~ - ky 

= ~ u  + k~ ,  ~ = (a  + 1) p 
Pm 

U = ~ u  + ~yv, V = ~ u  + ~yv 

U and V are the so-called contravariant velocities 
along the ~ and ~ coordinates. 

Subscript W indicates the wall. u ,  is the friction 
velocity. Iw I is the magnitute of the vorticity given by 

I Ou Ov I 
Iwl = Oy Ox 

In the outer region, the eddy viscosity in place of 
the Clauser formulation is calculated as follows: 

(#t)outer = K .  CCp . P . F W A K E .  FKLEB(Y ) (9) 

Turbulence Modeling 
In this calculation, the boundary layer is considered 

as turbulent because Reynolds number is in the order 
o f  10 6 . An algebraic eddy viscosity model developed 
by Baldwin-Lomax[ 21] was used to define the turbu- 
lent transport. This model permits the calculation of 
the turbulent characteristics of the boundary layer by 
defining a two-layer system. Thus, in stress terms of 
the laminar Navier-Stokes equations, the molecular 
coefficient of viscosity # is replaced by #l + #t. #~ is 
calculated from Sutherland equation as follows: 

#__.L~ = ( T '~ a / 2 To + 110.6 

#0 \~00] T + 110.6 

In the inner region, the eddy viscosity is given by 
simple mixing length theory by the Prandtl-Van Dri- 
est formrlation as follows: 

(#t)inner = pl21wl (8) 

where 
y+ 

l =  n y { 1 -  e x p ( - ~ T ) }  

y+ _ pWury y u.r = 
#W 

where K is Clauser constant, CCp is an additional 
constant. FWAKE is defined as the minimum value 
as follows: 

U~IIF ~ [ 
FWAKE = min~,YmaxFmax, C W K Y m a x  

Fm~x ] 

The quantity of Fmax are determined from the maxi- 
mum value of 

F(y)  = YlwI{i - e x p  ( -  ~A--T) } 

Ymax are defined as the value of y at which Fm~× oc- 
curs. The Klebanoff intermittency factor FKLEB(Y) 
is given by 

FKLEB(Y ) = { 1 + 5.5(CKL---~EB y)6 } - '  
Ymax 

The function UDI F is given as follows: 

UDIF = ( v / ~  + V~)m~x- ( v / ~ +  V~)min 

The constants appearing in the foregoing relations 
a r e  
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A + = 26.0 

C C p  = 1.6 

CKLEB 0.30 

CWK 0.25 

K 0.0168 

,~ 0.4 

I n i t i a l  a n d  B o u n d a r y  C o n d i t i o n s  
The degree of supersaturat ion So, total  tempera-  

ture To and specific humidity w0(-- m,,o/(m,o +mao)) 
in the reservoir used in the present calculation are 
shown in Table 1. Total pressure in the reservoir is 
set at p0--102 kPa.  Hereafter each condition will be 
denoted as Case 1 to 4 respectively in this paper.  

Table  1 Initial conditions 

So To [K] w0 [kg/kg] 

Casel 0.45 287 4.21× 10 -a 

Case2 0.45 301 9.83 x 10 -a 

Case3 0.60 287 5.62 x 10 -a 

Case4 0.60 301 1.31 x 10 -z 

The supersonic nozzle geometry of computat ional  
grid is shown in Fig.1. The nozzle has a height of 44 
m m  at the inlet and exit, a nozzle length of 340 mm,  a 
radius of circular arc R (characteristic l eng th /0)=400  
m m  and a height of nozzle throat  24 mm. 

( o.81 ) 
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constrained on the nozzle wall. Condensate mass frac- 
tion g(= rnJ(ml +ma)) is set at g=O on the wall. The  
value of CFL number  is 0.95. 

R E S U L T S  A N D  D I S C U S S I O N  

C o m p a r i s o n  w i t h  E x p e r i m e n t a l  R e s u l t s  
Figs.2(a) and (b) show experimental  results [2°) for 

schlieren photographs and static pressure distribu- 
tions, respectively, corresponding to the initial con- 
ditions as indicated in Table 1. The abscissa is the 
distance x from the nozzle throat  divided by the char- 
acteristic length lo(= R), and on the ordinate, the lo- 
cal static pressure p is represented in non-dimensional 
form divided by the initial total  pressure P0- As seen 
from the pressure distributions, the simulated results 
are compared with experimental  da ta  in reasonable 
agreement.  

Points A, B and C shown in Fig.2(b) denote the on- 
set of condensation (separating point from isentrope), 
the end of non-equilibrium condensation (maximum 
value of pressure) and arbi t rary location in the down- 
stream, respectively. As will be shown later, points 
A and B correspond to the max imum value of local 
degree of supersaturat ion S ( =  pv/p¢~) and IF=O, re- 
spectively. As seen from schlieren photographs,  A and 
normal type condensation shock waves are observed in 
Cases 2 and 4, respectively. Thus, it is seen tha t  in- 
crease of the release of latent heat with an increasing 
w0 affects the flowfield largely. 

V a r i a t i o n s  o f  F l o w  P r o p e r t i e s  
Fig.3 shows static pressure and frozen Mach number  

( 201.81 ) 

(o.o) 
170 

Throat 

170 
( 201.0 ) 

Fig.1 Computational grids 

The grids contain 200 divisions in ~-direction and 80 
divisions in ~?-direction. The highest and lowest lines 
are solid boundaries and the minimum dimensional 
length is 3.8863x10 -5 m m  at the near wall of solid 
boundaries. 

Inlet and exit boundaries are constrained with free 
boundary  condition. Non-slip velocity, iso-pressure 
(Op/O~? = 0) and no heat  transfer (OT/O~? = 0) are 

distributions for Case 2. Frozen Mach number  distri- 
butions on the flat and curved walls denote the ones 
at a short distance from both  walls. Points A and 
B denote the onset of condensation and the end of 
non-equilibrium condensation. As seen from this, dis- 
tr ibutions on curved wall have two max imum values 
due to the effect of curvature of the nozzle. This  is 
obvious from the facts tha t  there is a A type shock 
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Fig .2  Schlieren photographs and pressure d is t r ibut ions  

(a) Schlieren photographs [2°] (b) Pressure d is t r ibut ions  
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F i g . 3  Pressure and  Ma th  number  d is t r ibut ions  (Case2) 

wave in the flow field as shown in Fig.2(a) and density 
contour map which is shown in Fig.7(b). 

Fig.4 shows static pressure P/Po, local degree of su- 
persaturation S, condensate mass fraction g and nu- 
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F i g . 4  Variat ions of condensate  mass fraction, nucleat ion 
rate and  local degree of supersa tu ra t ion  
on the center wall (Cases 1 and  4) 
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cleation rate IF on the center line for Cases 1 and 
4, re- spectively. As seen from this, max imum values 
of S and IF are obtained at point A (onset of con- 
densation). This point is considered to be a diverting 
point from isentrope. The  condensate mass fraction 
g increases rapidly from point A and approaches the 
value of specific humidity w0 in the reservoir. 

Fig.5 shows tempera ture  T/To, density P/Po and 
static pressure P/Po distributions on the flat wall for 
Cases 1,-,4. Distributions in each case s tar t  to divert 
from isentrope at point A, and point A moves up- 
s t ream with an increase of w0. From these results, 
it is considered tha t  condensation affects the bound- 
ary layer largely as the release of latent heat increases 
with an increasing w0. The effect of condensation on 
the boundary  layer will be presented in detail in Figs. 
8~11. 

e ,  
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C o n t o u r  M a p s  o f  F l o w  F i e l d  
Fig.6 shows contour maps of pressure, density, tem- 

perature,  condensate mass fraction and nucleation 
rate  for Case 1. The upper  and lower parts  indicate 
maps  in cases with and without condensation, respec- 
tively. The values of Ap, Ap and A T  are indicated 
by dimensionless quantities to reservoir condition. As 
is evident from this, flowfields with condensation are 
largely changed in comparison with no condensation. 
From density and tempera ture  contour maps,  the de- 
velopment of boundary  layer is restrained in the down- 
s t ream of condensation zone (A-B) by the occurrence 
of condensation. As a result, it may be considered tha t  
the development of the boundary  layer becomes small 
due to condensation. These phenomena are also de- 
scribed in Refs. [18,20,37]. According to aefs.[20,37], 
the decrease in boundary  layer thickness behind con- 
densation zone is considered to be due to the reduction 
of kinematic viscosity induced by increase of density. 
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F i g . 6  C o n t o u r  m a p s  o f  p r e s s u r e ,  dens i ty ,  

t e m p e r a t u r e ,  c o n d e n s a t e  m a s s  f r a c t i o n  

a n d  n u c l e a t i o n  r a t e  

Condensate mass fraction g increases rapidly. Nucle- 
ation rate IF decreases and approaches the value of 
zero. In the boundary  layer, g and IF do not exist 
and there is a large gradient of g and IF at the edge 
of boundary  layer. 
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Fig.7 shows contour maps of density in cases with 
condensation for Cases 1,-,4. Close agreement between 
schlieren photographs shown in Fig. 2(a) and sim- 
ulated results is obtained. Furthermore,  the devel- 
opment  of boundary  layer in the downst ream region 
behind condensation zone is restrained in comparison 
with the case without condensation for all cases. How- 
ever, for Cases 2,,-4, thickness of the boundary  layer 
becomes thick in the region of condensation zone in 
comparison with the case without  condensation. This 
is considered to be due to rapid increase of pressure 
in the region of condensation zone. 

Without condensation 
(a)  Case 1 (Density, AP-5.0xI0 -3) 

With condensation 
(b)Case2 (Density, AP-5.0xlO -3) 

With condensation 
(c)Casc3 (Density, n P - 5 . 0 x l 0 - ' )  

With condcn.sation 
( d )  Cas© 4 (Density, AP-5 .0x I0  -3) 

Fig.7 Density contours for Cases 1 to 4 

Ef fec t  o f  C o n d e n s a t i o n  A f f e c t i n g  B o u n d a r y  
L a y e r  

Fig.8 shows the plots of the velocity profiles using 
inner-law variables y+ and u + at points B and C for 
Case 4. y+ and u + are defined as follows: 

V, 0 V 

the case of turbulent  flow past  smooth  flat wall. As 
seen f rom this, the velocity profile for no condensation 
(symbol e) is a lmost  the same as tha t  with condensa- 
tion. For case with condensation, the velocity profile 
is only affected in turbulence region (y+ _>30). 
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Fig.8 Velocity profiles using inner-law variables 
y+ and u + 

Figs. 9(a) and (b) show distributions of skin friction 
coefficient (C])  on the flat wall for Cases 1 and 4, 
respectively. C!  is defined as follows: 

r w  
ci = , (Io) 
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In this figure, lines for the viscous sublayer (y+ < 
5) and turbulence region (y+ -> 30) are indicated for 

Fig.9 Skin friction coefficients on the flat rWM1 
(Cases 1 and 4) 
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Solid line indicates (7# distribution for the case 
without condensation. As is evident from both fig- 
ures, values of (7# decrease from the near point of A. 
This is considered to be due to the effect of reduction 
of velocity gradient near the wall. Prom results de- 
scribed above, increase of u + in turbulence region at 
point B is due to reduction of shear stress on the wall. 
The characteristic of distributions for Cases 1 to 3 is 
almost the same as that for Case 4. 

Figs.10(a) and (b) show velocity and temperature 
profiles to reservoir condition from the fiat wall to the 

edge of the boundary layer at points A, B and C for 
Cases 1 and 4, respectively, j denotes the position 
of mesh point from the fiat wall. Velocity profiles at 
points B and C are changed largely for the case with 

condensation and velocity gradients near the wall are 
reduced. Furthermore, temperature profiles are also 
changed largely due to the release of latent heat in 
main stream and especially the largest change is for 
Case 4. 
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F ig . l l  shows variations of displacement thickness 
6" on the fiat wall for Cases 1 to 4. 6" is defined as 
follows: 
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Fig.11 Bound~y layer displacement thickness 
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Solid line indicates displacement thickness for no 
condensation. Diverting points from the line corre- 
spond to the onset of condensation. As seen from 
this figure, the displacement thickness downstream of 
the condensation zone becomes small for all cases. In 
the downstream including condensation zone for weak 
condensation of Case 1, 6* decreases in comparison 
with no condensation. However, 6* increases in the 
region of condensation zone for Cases 2 to 4. This is 
considered to be due to rapid increase of pressure as 
described in Section 6.2. 
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Numerical investigations were carried out in order 
to clarify the effect of condensation produced by the 
expansion of moist air in a supersonic half nozzle on 
the flowfield. The results obtained are summarized as 
follows: 

(1) Simulated results using turbulence model, are 
in good agreement with experimental results, and it 
is clarified that  the occurrence of condensation affects 
largely the velocity and temperature profiles in the 
boundary layer. 

(2) Skin friction coefficient near the condensation 
zone decreases in comparison with no condensation. 
This is considered to be due to the effect of reduction 
of velocity gradient near the wall. 

(3) Condensation affects u + in turbulence region of 
y+ >_ 30. This is considered to be due to the reduction 
of shear stress on the wall. 
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(4) In the downstream including condensation zone 
for case with weak condensation, 6" decreases in com- 
parison with no condensation. On the other hand, for 
case with strong condensation, 6" increases in the re- 
gion of condensation zone. This is considered to be 
due to rapid increase of pressure. 
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