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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.
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INTRODUCTION

Many studies!! 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
turbinel!*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
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yet understood satisfactorily(16:17],

For condensation phenomena of moist air in the su-
personic nozzle, Schnerr et al.!® 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 al.['®l and Schn-
err et al.'?) 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-



Shigeru Matsuo et al.

Effect of Nonequilibrium Condensation on Boundary Layer in a Supersonic Nozzle 261

Nomenclature

skin friction coefficient

specific heat at constant pressure
nucleation rate (1/m3s)

latent heat of condensation!??!
molecular mass

Avogadro’s number

Prandt]l number of mixture
Reynolds number

radius of nozzle

universal gas constant(=8314.41 (J/kmol- K))
supersaturation

temperature

R LT LR RN

frozen sound speed!®®!

o
3

total energy per unit volume of mixture
condensate mass fraction

Boltzmann constant (=1.380622~%® (J/K))
lo characteristic length

m mass

P pressure

Poo  saturated vapour pressurem]

® Q

r radius of droplet
Te critical radius of nuclei
t time

u,v  velocity component in Cartesian coordinate
z,y Cartesian coordinate.

r accommodation coeflicient for nucleation
vy ratio of specific heats of mixture
& displacement thickness

¢ coefficient of surface tension
K Karman constant
U kinetic viscosity
v kinematic viscosity
£,m generalized coordinate system
& condensation coefficient
P density
Os surface tension in flat surface
T shear stress
Subscripts
0 condition in the reservoir section
W wall
f frozen
a air
l liquid
m mixture
v vapour
00 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
modell?!]| that is the algebraic model, called the zero
equation model was used in the computations. The
effects of initial conditions (degree of supersaturation
Sp and total temperature Tp 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.

NUMERICAL PROCEDURES

Governing Equations
Assumptions using in the present calculation of the

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!2?! 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' =T/t vt =7/ t* =t/(L/c)
z* =Z/L v =7/L p* =B/Po
T*=T/T, p* =p/(YmPo) #* =T/H

em = €m/ (ﬁoa(z))

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

U
=+

QE_ oF 1 (3R as
ot ox

% " Rlatay) e W

where
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pmD1 PmuDy
pmD2 pmuDs
L pmDs | pmuDs
[ pmv T [ 0 1
Pm U Tex
pmv2 + p Tzy
Fe v{em + p) R= o ’
PmUg 0
pmvDy 0
pm’UDz 0
| pmvD3 i L 0 i
[0 ] [ 0 T
Tay 0
Tyy 0
s=| * L= 0
0 Pmg
0 meI
0 me2
Lo ] L pmDs

In these equations,

1
em = pmCp0T —p+ Epm(u2 +v%) = pmgL

= urgy + vy + — 2T
& = UTzz T VTyz (y =1)P, 9z
7 aT

= UTpy + VTyy + — e ——

A v YW (y-1)P. 8y

p=pm(l — g)RT
L = 2.353 x 10% — 5.72 x 10*(Inp — 10)
~4.60 x 10%(Inp — 10)* (J/kg)

Tzzs Tzy, Ty and Ty, are components of viscous shear
stress. 9, D, Ds and D3 are indicated as follows:

. dg  pc [4m 5 dr
=&~ pm{ 3 TCIF+p’"D‘dt}
. dD, 4nrilg dr
=4 _ e D,
b= =", t7u
. dDy; 8mr.dp dr
D, =222 = D&
e 7
. dD 8nl
D3__.__3___H.

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

Dng%
DFZX‘%’
Dng%

Nucleation rate I [F?Gl

and radius growth rate s are

, critical radius of the nuclei r.

Ip=T-1, (2)
1 /p,\2 [20M, —4mor?
I’;,(I(?) V Nar exp{ 3kT } (3)
20
Po= —m— 4
T (7 J7) “
and ¢
, ¢ Poo Dv
P= — -1 5
[/ RY, 2 RT (poo ) ( )
respectively.
where

Poo = 10(-4/T+B) » 101325(Pa)

A=2263, B=6.064 (T =273~ 395K)
A=2672, B=7582 (T =175~ 273K)

pr=1000 (kg/m®)

27 and §£28’29] are accommodation coefficient for
nucleation and condensation coeflicient, respectively.
Surface tension o(25:273% is given by using the surface
tension of an infinite flat-film o,, and the coefficient
of surface tension3132:33! ¢ as follows:

0= (0c

Ooo = (128 — 0.192T") x 1073(N/m)

In calculation, values chosen for T, & and ¢[*% are

=108 ¢ =09, ¢=1.29

Calculation Procedures

The unsteady two-dimensional compressible Euler
equations are written in the generalized coordinate
system as follows:
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80 oE oF R 68 A
ot tee tan T (ag )*Q (6)
where

U=JU,E=JE+§F),F =JnE+ n,F),

= J(&R+¢E,8),S = I(n.R+7,8),Q=JQ (7)

= 'fmny - £y77z

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

Urtt =107, - ¢ (Eyﬂ/zy].)
—A7 (F”+1/2 31—1/2)
+(A¢ (Ri+1/2,3' - R?—l/?,}‘) ‘
+(A(SP 412 — é;jj_l/z))/Re + AtQY,
where
A= At/AE, A= At/Aq

At, A€ and An indicate the time step, the mesh spac-
ing in the £, n directions, respectively.

The numerical flux Ei+ 1 that notation for j is omit-
2
ted for simplicity, can be

i = {(yﬂ)1+1/2{E(Uz+1/2) +E(Uf,y )]

(mn)t+1/2[F(Uz+1/2) + F(Uz+1/2)]
+Ti1/2%i01/2Ti41/2}

Terms for F7 have a similar form also.

i _1+1 /2

Matrices T and & are expressed using eigenvectors
and eigenvalues®¥]. The values of mesh points (i +
1/2,4) for matrix are given by arithmetic average of
values in mesh points (7, 5) and (i + 1, 5)

The numerical fluxes of E(U R ) and E(UL+ ) are
2
ones evaluated by U® | and UP as follows:
i+3 1+§
1 .
Ufu/z =Uij,; — Z[(l —&)Af a2 + (L + )AL )o]

1 "
Uf’+1/2 =U;; + [( —e)AZ o+ (1 +6)AL, ]
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where
A* = minmod(A;41/2,8Ai_1/2)

A = minmod(A4+1/2,BAi+3/2)
minmod(z, B,) = sgn(z) - max{0, min(||, sgn(z) - By}
Air172 = Uigrj — Uy
- 3-¢

The spatial order of accuracy is determined by the
value of €. In the present calculation, ¢ = %(E =4)is
used to obtain the spatial 3rd order of accuracy.

In calculation, the two-dimensional flux Jacobian
matrices in generahzed coordinates for \Ilg = (9E/ U
and ¥, = 8F/9U are as follows:

¥ or ¥,=
[ o ks k,
—ub + k¢ 0— (G~ 1Dku kyu— Gkgo
—v0 + kyp kv — Gkyu - (G = 1)kyv
86 —0) kol —Gud  ky6— Gu
—gb k.g kyg
—Dy 8 k.D, ky, Dy
—Dy8 ko D> k, D>
| —Ds6 k2 Dy kyDs
0 0 o 0o o |
k.G ke(G—pmK) O O 0O
kG ky (G-pmK) 0 0 O
(G+1)0 0(GL—pmK) 0 0 0
0 6 0O 0 o0
0 0 ¢ 0 O
0 0 0 7} 0
0 0 o 0 6
G= (=g g +93)

K = Z{em — 5pm(u® +v°) + pmgL}

2= (723 +0)30) en(=s +o37))

§ = Em
¢+(G+1)p

™

[N N

0 = kyu + kyv
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¢ =GgL + lG(uz + ,U2) and a complete set of eigenvectors.
2 The similarity transforms(®®! are as follows:
1
1/J=GgL—§G(u2+'02) . s e . .
R R \1’5 = TfAfTE s \I/n = TnA,’ ’7_
with k£ = £ or n for ¥, or ¥, respectively.

The flux Jacobian matrices have real eigenvalues where

[ 0 0 0000-

Uo

oU 0 0 0000

00 U+ec,/E2+€2 0 0000
. 00 0 U—c,/E2+€ 00 0 0
A = DIU,U, U+ [&2 1 €2,U—c, €2 + €,U,U,U,U] = Lty

00 0 0 U0O0O

00 0 0 oUO0O0

00 0 0 Ooo0UO

00 4] 0 OOOUJ

-V 0 0 0 000 01
oV 0 0 0000
00 Vte/n+n 0 0000
00 0 0 Vo0ooo
00 0 0 OvVoo
00 0 0 oovVo
_0 0 0 0 000 V_
[ 1 0 8 B 0 0 0 0|
U I~cypm Br(u+ l::zc) Bi(u — I::zc) 0 0 0 O
v —kgpm Bi(v + kyc) Br(v — kye) 0 0 0 0
T, = % pm(lz:yu— kzv) ﬁl(wgcz + cf) ﬁl(_i{)__fcﬁ — ch) ————-—pm(pmlé_ GL) 0 0 0
9 0 9h 9B1Pm 0 0 0
D, 0 D3 DB 0 pm 0 O
D, 0 D;5 D254 0 0 pm O
| Ds 0 D3, D3B3, 0 0 0 pm|
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1—¢c2 Ge %y Ge ™%y Gec? (pmK—-GL)e™> 0 0 0
—p Ykyu — ko) kyo7} koot 0 0 0 0 O
Ba(p—cB)  Bylksc—Gu) PBa(kye— Gv) BoG —(pmK —GL)B, 0 0 0
o= Ba(p+cl)  —Pa(kec+ Gu) —Pa(kyc+ Gv) oG —(pmK ~GL)B2 0 0 0
—gp;} 0 0 0 ot 0 0 O
—Dip;! 0 0 0 0 ol 0 0
—D2p;}! 0 0 0 0 0 p7! 0
| —Dj3p ! 0 0 0 0 0 0 p;!
6= %, B2 = \/Zlomc Su?)script ‘W indicateis the wall. u, i_s .the friction
. b . k. velocity. |w| is the magnitute of the vorticity given by

0 =kyu+kyv, ®=(G+ l)pi

szz“'*’fy”y V = nu+nyv

U and V are the so-called contravariant velocities
along the ¢ and 7 coordinates.

Turbulence Modeling

In this calculation, the boundary layer is considered
as turbulent because Reynolds number is in the order
of 108, An algebraic eddy viscosity model developed
by Baldwin-Lomax[?! 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 p is replaced by p; + ps. uy is
calculated from Sutherland equation as follows:

(z)

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

T
Ty

3/2T, + 110.6
T + 110.6

B
Ho

(8)

(»U't)inner = p12 1“)'

where .
Yy
= ny{l - exp(—F)}

Y ("'r

™wW

PW

PWTW
Hw

y+ _ Pwury
tw

)

o

o = l u 81;‘

18y Bz

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

(Bt)outer = K - Cop - P FWAKE " FKLEB(Y) (9)

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

2
Ubrr

Fmax

)

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

FWAKE = min (ymamex, CWK Ymax

F@) = vl {1 - e (- £)}

Ymax are defined as the value of y at which Fi,,, oc-
curs. The Klebanoff intermittency factor Fi1 pg(v)
is given by

c
1+ 5.5(KLEB s

} -1
Ymax

FKLEB(Y) = {

The function UpyF is given as follows:

Uptr = (V¥? + v%)max — (VU + 0?)min

The constants appearing in the foregoing relations
are
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(At =260
Cop =16
) Ciaen = 030
Cwk = 0.25
K =0.0168
L& =04

Initial and Boundary Conditions

The degree of supersaturation Sp, total tempera-
ture Ty and specific humidity wo(= myo/(Myo +Ma0))
in the reservoir used in the present calculation are
shown in Table 1. Total pressure in the reservoir is
set at po=102 kPa. Hereafter each condition will be
denoted as Case 1 to 4 respectively in this paper.

Table 1 Initial conditions

So | To [K] | wo [kg/kg]
Casel | 0.45 | 287 | 4.21x1073
Case2 | 0.45 | 301 | 9.83x1073
Case3 | 0.60 | 287 | 5.62x107°
Case4 | 0.60 | 301 | 1.31x1072

The supersonic nozzle geometry of computational
grid is shown in Fig.1. The nozzle has a height of 44
mm at the inlet and exit, a nozzle length of 340 mm, a
radius of circular arc R (characteristic length ly)=400
mm and a height of nozzle throat 24 mm.

(0.81)
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constrained on the nozzle wall. Condensate mass frac-
tion g(= my/(mi+m,)) is set at g=0 on the wall. The
value of CFL number is 0.95.

RESULTS AND DISCUSSION

Comparison with Experimental Results

Figs.2(a) and (b) show experimental results!?®! 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 = 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 py. As seen
from the pressure distributions, the simulated results
are compared with experimental data 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 arbitrary location in the down-
stream, respectively. As will be shown later, points
A and B correspond to the maximum value of local
degree of supersaturation S(= p,/pw) and Ir=0, 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 that in-
crease of the release of latent heat with an increasing
wp affects the flowfield largely.

Variations of Flow Properties
Fig.3 shows static pressure and frozen Mach number

(201.81)

170

(201.0)
170 |

Fig.1 Computational grids

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

Inlet and exit boundaries are constrained with free
boundary condition. Non-slip velocity, iso-pressure
(8p/8n = 0) and no heat transfer (87/dn = 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-
tributions on curved wall have two maximum values
due to the effect of curvature of the nozzle. This is
obvious from the facts that there isa A type shock
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0.6 T
[ Ry, O Experiment
n‘.’ o A gy, — Calculation
> 04 & B
mC .
Case 1 Isentrope ‘-~,__\
0.2
0.6

Fig.2 Schlieren photographs and pressure distributions

(a) Schlieren photographs

0.6 1.8
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0.3 1.2

020 - Along the center line N 1.0
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== === curved wall
i

1 0.8

0.1 1 .
0 0.05 01 015 02 025

x/R

Fig.3 Pressire and Mach number distributions (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-

{20}

(b) Pressure distributions

08
0.6
o
E 0.4
0.2
0 1 1 1 1
x10"
20 10* — 200
1 =
: 1010
15 h
!: 1013
s 10 ! ] ~4100 ©
m 10
S ]
16°
0 100
0.15 02 025

x/R

Fig.4 Variations of condensate mass fraction, nucleation
rate and local degree of supersaturation
on the center wall (Cases 1 and 4)
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cleation rate I'r on the center line for Cases 1 and
4, re- spectively. As seen from this, maximum values
of S and Ir 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 wy in the reservoir.

Fig.5 shows temperature T/T,, density p/pg and
static pressure p/py distributions on the flat wall for
Cases 1~4. Distributions in each case start to divert
from isentrope at point A, and point A moves up-
stream with an increase of wy. From these results,
it is considered that condensation affects the bound-
ary layer largely as the release of latent heat increases
with an increasing wp. The effect of condensation on
the boundary layer will be presented in detail in Figs.
8~11.

1.0 1.2 r 1.0

Case 4 g e
. Case3 N ~
08 T/To',' | Case2 10 =

=09

>
0.8
0 L
0 005 01 015 02 07

X/R

Fig.5 Temperature, density and pressure
distributions along the flat wall

Contour Maps of Flow Field

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 AT 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 temperature contour maps, the de-
velopment of boundary layer is restrained in the down-
stream of condensation zone (A-B) by the occurrence
of condensation. As a result, it may be considered that
the development of the boundary layer becomes small
due to condensation. These phenomena are also de-
scribed in Refs. [18,20,37]. According to Refs.[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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With condensation (Case 1)

i

Il
w2

=

_——

——]

(a)Pressure (AP =5.0x107%)
With condensation ( Case 1)

:

|
i

W
BT

]

Without condensation - /g’
(b) Density (3P =50x107%)

———3

=

Without condensation
(¢ ) Temperature (37 =3.0x107%)

With condensation ( Case 1)

Without condensation
(d ) Condensation mass fraction

(3g=~1.0x10"* [kg/kg] )

With condensation ( Case 1)

Without condensation
( ) Nucleation rate

(Aln/z=0.5 [1/1113-5])

Fig.6 Contour maps of pressure, density,
temperature, condensate mass fraction
and nucleation rate

Condensate mass fraction ¢ increases rapidly. Nucle-
ation rate I decreases and approaches the value of
zero. In the boundary layer, g and Ir do not exist
and there is a large gradient of g and Ir 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 downstream 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.

D

\\\\\\\ S:\

.}\\
Without condensation
(a)Case 1 (Density, AP =5.0x10"%)

R

With condensation
( b) Case 2 ( Density, AP =5.0x10"?)

With condensation
(c)Case 3 (Density, AP =5.0x107%)

\\%., .
\\\\\\\\\ %,
With condensation
(d ) Case 4 (Density, AP=5.0x107%)

=

i

Fig.7 Density contours for Cases 1 to 4

Effect of Condensation Affecting Boundary
Layer

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

(U*O = \/W)

In this figure, lines for the viscous sublayer (y* <
5) and turbulence region (y* > 30) are indicated for

u
'U.+: s

UVe0

+ YVeo
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the case of turbulent flow past smooth flat wall. As
seen from this, the velocity profile for no condensation
(symbol e) is almost the same as that with condensa-
tion. For case with condensation, the velocity profile
is only affected in turbulence region (y* >30).

40
®  Without condensation
30 | © With condensation &
(Point B (i=115)) &
L A With condensation o
{Point B (1 =120)) c.':oA -
Y 20} aﬁ
9.—"'\
’O + *
10 U =25Iny*+5.5
0 L i Illllll L LLIlllll 1 L {tiil

1 10 100 1000
y&

Fig.8 Velocity profiles using inner-law variables
yt and u?

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

™W

Cr =7 (10)
2 PlUco
x107
28
(2) Case |
Isentrope
O 23 T
o .
® A (Onsetofcondensation) —  —-ill:f
A B ( End of nonequilibrium condensation )
1.8 i 1 1 1
x107
S
1.0 ] i 1 1

0 0.05 0.1 0.15 0.2 0.25

Fig.9 Skin friction coefficients on the flat wall
{Cases 1 and 4)
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Solid line indicates Cy distribution for the case
without condensation. As is evident from both fig-
ures, values of Cy decrease from the near point of A.
This is considered to be due to the effect of reduction
of velocity gradient near the wall. From 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 flat 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 flat 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.

18 17
—— Without condensation C
1.6 [~ - - - With condensation "o
14 | u/c, -",.-"'- B 11§
12 [ N
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Fig.10 Velocity and temperature profiles
(a) Case 1; (b) Case 4
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Fig.11 shows variations of displacement thickness
6" on the flat wall for Cases 1 to 4. 4* is defined as
follows:

(11)

o= 0=

5‘

Fig.11 Boundary layer displacement thickness

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, §* decreases in comparison
with no condensation. However, 8* 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.

CONCLUSIONS

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 ghear stress on the wall.



Shigeru Matsuo et al.

(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, * increases in the re-
gion of condensation zone. This is considered to be
due to rapid increase of pressure.
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