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Effect of Nonequilibrium Condensation of Moist Air on Transonic Flow Fields
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When condensation occurs in a supersonic flow field, the flow is affected by the latent heat released. In the present

study, a condensing flow was produced by an expansion of moist air in nozzle with circular bump models and shock

waves occurred in the supersonic parts of the flow fields. The experimental investigations were carried out to show

the effects of initial conditions in the reservoir and nozzle geometries on the shock wave characteristics and the

turbulences in the flow fields. Furthermore, in order to clarify the effect of condensation on the flow fields with

shock waves, 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. As a result, the effect of condensation on

the aspect of flow field has been clarified.
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Introduction

Many studies on condensation occurring in the case
of the rapid expansion of moist air or steam in a
supersonic nozzle have been performed experimentally
and numerically, and the characteristics of condensation
have been nearly clarified" . Schnerr et al.”! and Iriya et
al.'¥ investigated the effect of condensation on the
strength of shock wave on surface of wing, drag and lift
numerically. However, the effect of condensation on the
shock wave on surface of wing and turbulences behind
shock wave has not yet been clarified satisfactorily.

Phenomena which become the subject of the present
study are essentially the same as the passive control”’ of
shock-boundary layer using the porous wall with a cavity
underneath. Therefore, it is expected that the reduction of
Mach number due to nonequilibrium condensation just
before shock wave suppresses the separation of boundary
layer generated by shock wave, and droplets generated
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by condensation suppress the fluctuation of flow field
due to the shock wave. In the meanwhile, total pressure
of the flow is reduced by condensation® and it seems
that this reduction affects the interaction of shock wave
with boundary layer. However, study for phenomena like
these has not yet been conducted in detail.

In the present study, a condensing flow was
produced by an expansion of moist air in the nozzle with
circular bump models and shock waves occurred in the
supersonic parts of the flow fields. The experimental
investigations were carried out to show the effects of
initial conditions in the reservoir and nozzle geometries
on the characteristics of the shock wave and the
turbulences in the flow fields. Furthermore, in order to
clarify the effect of condensation on the flow fields with
shock waves, 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.
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Nomenclature r average radius of droplet [m]
Mn Mach number [-] s entropy [J/K]
M molecular weight [kg/kmol] t time [s]
R radius [m] Greeks
S supersaturation (p,/p) } ratio of specific heats [-]
T temperature [K] o surface tension [N/m]
W(b,a)  wavelet coefficient w specific humidity
a scale parameter p density [kg/m’]
b shift parameter y mother wavelet
c, specific heat at constant pressure of mixture [J/(kg-K)] Subscrints
g condensate mass fraction [-] (=m,/ (m +m+m;) 0 stagnation state
l length of bump model [m] 01 stagnation state at nozzle entrance
m mass [kg] a air
)/ pressure [Pa] ) liquid
p{® pressure time history {Pa] m mixture
Py saturated vapour pressure [Pa] max maximum
R universal gas constants [J/(kg-K)] v vapour

Experimental Apparatus and Procedure

A supersonic indraft wind tunnel® where dry air at
atmospheric pressure was drawn into a vacuum tank, was
used in the present experiment. Fig.1 shows the details of
test section. Half nozzles of radius R=40, 200 mm with a
thickness 4 mm were set at the lower wall in the test
section. The chord length / of bump model for R=40 mm
and 200 mm are 34.9 mm and 76.9 mm, respectively.
The pressure measurements were conducted by a
pressure transducer (TOYODA, PMS-5H) mounted on
the pressure holes ( ¢1 mm) on the bump model. Power
spectrum density distributions, amplitudes of oscillation
transform("“!

And wavelet were obtained by using
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Fig.1 Details of test section

pressure data at positions (S1, S2) behind a shock wave.
The flow field was also investigated by a schlieren
optical method, and shear sensitive liquid crystal
(MERCK Industrial Chemicals, T1622) was used for
flow visualization on surface of bump model.

The experimental procedure is as follows. At first,
dry air is charged into reservoir through silica gel box at
atmospheric pressure. Then, the stagnation temperature
and the relative humidity in reservoir were measured
with a thermometer and a humidity indicator (Vaisala,
HM-34), respectively. The supersonic steady flow lasting
about 5 seconds was obtained in the test section.

The stagnation pressure poi of moist air in the
reservoir is 102 kPa, and the stagnation temperature To1
is set at 298 K. The initial degree of supersaturation Soi,
which is the ratio of vapor pressure to the equilibrium
saturation  pressure corresponding to the inlet
temperature, can be changed from 0.24 to 0.80. The
pressure upstream of bump model p/por is 0.719
(M»=0.735).

Numerical Procedures

Governing Equations

Assumptions using in the present calculation!!!! of
two phase flows are as follows:

1. No velocity slip exists between condensate
particles and gas mixture.

2. No temperature difference
condensate particles and gas mixture.

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

The goveming equations under consideration are the
unsteady two-dimensional compressible Navier-Stokes

exists between
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equations and droplet growth equation'” written in the
Cartesian coordinate system (x,y). In order to obtain the
normalized conservation equations, all variables are non-
dimensionalized with reference values.

Values of accommodation coefficient for
nucleation™, condensation coefficient''* and coefficient
of surface tension(is] used in the present calculations, are
10%, 0.9 and 1.29, respectively. Baldwin-Lomax model"'®
was used as a turbulence model in the computations.

In the present study, governing systems are mapped
from the physical plane of reference (x,y) into a
computational plane of reference (£,77} with general
transformations. Furthermore, 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
difference scheme is used for viscous terms.

Imitial and Boundary Conditions

The initial degree of supersaturation So: and total
temperature 70: in the reservoir are used for initial
conditions. Total pressure in the reservoir is set at
poi=102kPa. Pressure at the upstream of the model is set
at p/p,,=0.719 (M»=0.735).

The supersonic nozzle geometry of computational
grid is shown in Fig.2. The nozzie has a height of 60 mm
at the inlet and exit, a radius of circular arc R
(characteristics length)=40 mm and a height of nozzle
throat 56 mm. The grids contain 100 divisions in
£ direction and 50 divisions in 7 direction. The
highest and lowest lines are solid boundaries and the
minimum dimensional length is 7.17 x 10” mm at the
near wall of solid boundaries.

Inlet and exit boundaries are constrained with free
boundary condition. Non-slip velocity, iso-pressure
(dp/on=0) and no heat transfer (dT/dn =0) are
constrained on the solid wall. Condensate mass fraction
g(=my [(m, +m,+my)) is set at g=0 on the wall. Vector of
the conservative variables at a fictitious cell at inlet and
exit is constrained with Riemann invariant. The value of
CFL number is 0.98.
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Fig.2 Calculation Grid
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Results and Discussion

Flow Visualization and Pressure measurement

Figs.3(a) and (b) show schlieren photographs in
cases of R=40 mm and 200 mm for S,=0.240.80,
respectively. Flow direction is left to right. As seen from
these figures, a shock wave is clearly visible for S,,=0.24
(dry air). With increase of S, it seems that the strength
of shock wave becomes weak and the position of shock
wave moves upstream. This is due to reduction of Mach
number just before the shock wave by condensation.

Figs.4(a) and (b) show photographs of oil flow
pattern on the bump wall obtained by shear sensitive
liquid crystal in cases of R=40 mm and 200 mm,
respectively. In Fig.4(a), separation of boundary layer

(@) R=40 mm
Fig.3 Schlieren photographs

(b) R =200 mm
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occurs behind the shock wave and the flow field is
complicated for S;;=0.24. However, it can be seen that
the separation of boundary layer is suppressed with the
increase of Soi1. In Fig.3(b), a shock wave exists in the
flow field for §5;=0.24. But, in Fig.4(b), separation of
boundary layer does not occur behind the shock wave
and the flow field does not change significantly.

Figs.5(a) and (b) show pressure distributions on the
bump wall in cases of R=40 mm and 200 mm for
S,;=0.24~0.80, respectively. The abscissa is the distance
x measured from the nozzle throat divided by the chord
length of bump model /, and for the ordinate, the local
static pressure p is represented in non-dimensional form
divided by the initial total pressure p,. As seen from
these figures, gradients of pressure distributions in the
position close to shock wave (R=40 mm : x/[=0.172,
R=200 mm : x/I=0.214) are large in case of S;=0.24, and

Sor =080 §

(a) R =40 mm (b) R =200 mm
Fig.4 Flow patterns on nozzle surface
using liquid crystal
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with increase of S, the position of shock wave moves
upstream and the gradients become smaller. This shows
that nonequilibrium condensation occurred upstream of
shock wave is likely to suppress separation of boundary
layer due to shock wave. Furthermore, in Fig.5(a), it can
be seen that recovery of pressure is improved due to
suppression of the separation with increase of Sy,.

In the previous study, it is evident that total pressure
of the flow decreases by condensation with increase of
S,"¥. However, in case with separation of boundary
layer (Fig.3(a) and Fig.4(a)), it is considered that with
the increase of S, the effect of a reduction of loss due to
pressure recovery behind the shock wave becomes strong
in comparison with the increase of total pressure loss by
condensation in the region close to the throat (x/I =
0~0.2), and total pressure loss of the flow field becomes
small.

Effect of Condensation on Pressure Fluctuation
on the Wall

Figs.6(a) and (b) show root mean square values p,,.
of pressure variations corresponding to Figs.5(a) and (b),
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Fig.5 Pressure distributions
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respectively. On the ordinate, p,,, on the bump wall is
represented in non-dimensional form divided by the
mean values p,, of pressure variations. As seen from
these figures, values of p_, are the largest at the position
(R=40 mm : x/I=0.172, R=200 mm : x/[=0.214) of shock
wave in case of §;;,=0.24, and with the increase of Sy;,
peaks of p,,, become smaller. Furthermore, the position
of shock wave and the peak of p,,, move upstream with
increase of S,.

From the result as described above, it is concluded
that pressure variations on the bump wall in the region
that shock wave exists are suppressed by condensation.
The reasons are considered that it is due to the effect of
small droplets generated by condensation and degree of
interaction of shock wave with boundary layer becomes
weak due to reduction of the strength of shock wave with
increase of Sy,

Effect of Condensation on Pressure Fluctuation
behind Shock Wave
Informations on time and frequency of a signal can
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Fig.6 RMS values of pressure variations
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be 4obtained using the continuous wavelet transform.
This transform that has the advantage on the analysis of
unsteady data, can obtain local informations in the region
of time. In the present study, continuous wavelet
transform was applied to pressure variations behind the
shock wave.

The continuous wavelet transform W(b,qa) for a
pressure signal p(7) with time ¢ is defined as follows :

iz j:v(’—:l]p(t)dt M)

where y is a mother wavelet, and a is the scale and b
implies location on the r axis. The wavelet transform
(coeflicient) W(b, a) plotted in the (b, a) space describes
the multi-scale structure of the pressure signal p(¢). The
mother wavelet that is Morley wavelet!'”), is defined as
follows :

w(t)=.a)= exp(ikv,’f)exp(—zz—z—] (2)

W(b,a)=
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Fig.7 Continuous wavelet transforms (R =40 mm)
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t=b
a

T= 3)
where k,, is a numerical constant (&, =6), and i implies
J=1. The real part of the Morley wavelet is symmetric
with respect to 7=0. The value of 1/a is taken to be the
same as frequency.

Figs.7 and 8 show the relationship between Soi and
the wavelet coefficient W(a,b) obtained from the pressure
signal p(¢) in the (a,b) parameter space in cases of R=40
mm and 200 mm, respectively. Measuring points for
R=40 mm and 200 mm are S1 and S2 as shown in Fig.1,
respectively. The abscissa 1s the time b (shift parameter).
The left and right ordinates are the scale parameter a and
frequency f, respectively. Contour lines are indicated for
W = 0 and their intervals are equal in each figures.

Figs.7 and 8 show that dense regions of contour lines
exist at equal intervals on the b-axis in the range from

5000 N
1000 =
500 >

ad ms

250

125

100

5000 N~
1000

250

125

100

(b) So = 0.80
Fig.8 Continuous wavelet transforms
(R =200 mm)
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high to low frequency in case of S,=0.24. The existence
of dense region for high frequency is due to separation of
boundary layer. In case of S;,=0.80, contour lines in the
region of high frequency become sparse except in the
region of low frequency. This fact means that occurrence
of condensation suppresses especially high frequency
oscillation.

Simulation Results and Total Pressure Loss

Fig.9 shows pressure distributions on the curved wall
obtained by calculations in the case of R=40 mm,
together with the experimental results. The simulated
results are compared with experimental data in
reasonable agreement, and the position of shock wave
moves upstream with the increase of S,

In cases of S,,=0.24, 0.40, 0.60 for R=40 mm,
contour maps of Mach number M. are shown in
Figs.10(a)~(c). As is evident from these figures, the
strength of shock wave becomes weak with increase of
So1 and separation of boundary layer is suppressed
slightly. From these results and pressure distributions
shown in Fig.5, the present simulation using a turbulence
model is effective for the transonic flow field with
condensation.,

Figs.11(a)~(c) show contour maps of coefficient (1
— Po/poy) of total pressure loss. The following equationyis
was used in order to obtain total pressure loss.
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Fig.9 Pressure distributions
(R =40 mm)
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The region that total pressure loss occurs, expands
with increase of Sy. As a result, increase of S, brings
reduction of the strength of shock wave and suppression
of separation of boundary layer. However, in case that
energy loss in the whole flow field is estimated, the
special attention should be paid to total pressure loss

@Sg =024\ | |[[]/

Fig.10 Contour maps of Mach number (R = 40 mm)

(a) Sy, = 0.24

(b) Sy, = 0.40

() Sg; =0.60

Fig.11 Contour maps of total pressure loss (R = 40 mm)
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occurred by condensation.
Conclusions

In the condensing flow produced by an expansion of
moist air in nozzle with circular bump models, shock
waves occurred in the supersonic parts of the flow fields.
Experimental and numerical investigations were carried
out to clarify the effects of initial conditions in the
reservoir and nozzle geometries on the characteristics of
shock wave and the turbulences in the flow fields. The
results obtained are summarized as follows:

1. In case that boundary layer separates for initial
degree of supersaturation S,,=0.24, the separation is
suppressed with increase of S,,.

2. Gradients of pressure distributions are large in
case of S, =0.24, and with increase of S;;, the position of
shock wave moves upstream and the gradients become
small.

3. With increase of S, the strength of shock wave
becomes weak and the values of p_, in the region that
shock wave exists become small. Furthermore,
fluctuations from low to high frequency are contained in
pressure variations behind the shock wave and the
fluctuation of high frequency is especially suppressed
with increase of Sy;.

4. The simulated results using a turbulence model
are compared with experimental data in reasonable
agreement and suppression of separation of boundary
layer has been confirmed with the increase of S,.
Furthermore, the region that total pressure loss occurs,
expands with increase of S,),.
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