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Abstract Effects of spontaneous condensation of moist air on the shock wave dynamics around
butterfly valves in transonic flows are investigated by experimental and numerical simulations.
Two symmetric valve disk shapes namely- a flat rectangular plate and a mid-plane cross-section of
a prototype butterfly valve have been studied in the present research. Results showed that in case
with spontaneous condensation, the root mean square of pressure oscillation (induced by shock
dynamics) is reduced significantly with those without condensation for both shapes of the valves.
Moreover, local aerodynamic moments were reduced in case with condensation which is
considered to be beneficial in torque requirement in case of on/off applications of valves as flow
control devices. However, total pressure loss was increased with spontaneous condensation in both
the valves. Furthermore, the disk shape of a prototype butterfly valve showed better aerodynamic
performances compared to flat rectangular plate profile in respect of total pressure loss and vortex
shedding frequency in the wake region.
& 2015 National Laboratory for Aeronautics and Astronautics. Production and hosting by Elsevier B.V.
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1. Introduction

Investigation on the aerodynamic characteristics of butterfly
valves has been performed for the last many years due to their
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technological and industrial importance. This type of valves are
used intensively in aircraft outflow valves to regulate the cabin
pressure in pressurized aircraft [1], in hydro-electric power
schemes as safety valves [2] as well as in nuclear containment
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Nomenclature

c chord length of butterfly valve (unit: mm)
f frequency of shock oscillation (unit: kHz)
g condensate mass fraction (unit: -)
H height of the channel (unit: mm)
I nucleation rate (unit: 1/(m3 � s) )
k turbulent kinetic energy (unit: m2/s2)
Ma Mach number (unit: -)
p static pressure (unit: kPa)
R undamped eddy viscosity (unit: m2/s)
Re Reynolds number (unit: -)
S degree of supersaturation (unit: -)
RMS root mean square (unit: -)
x streamwise coordinate (unit: mm)
y normal coordinate (unit: mm)
T time period (unit: s) / temperature (unit: K)

t time (unit: s) / thickness (unit: mm)

Greek symbols

β integrated total pressure loss (unit: -)
θ angle of attack (unit: 1)

Subscripts

ave average
b back pressure
l lower surface
u upper surface
0 upstream condition
0l total/stagnation condition at inlet
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purge valves as flow controllers [3,4] and so on. Butterfly valve
disks behave in the same manner as airfoils that the angle of
attack influences the flow field characteristics [5]. However,
under a certain combination of valve disk opening angle and
pressure difference across the valve, compressible flow effects
can significantly alter the performance characteristics and flow
field of a butterfly valve [6]. At these conditions, regions of
transonic and supersonic flow can develop in the vicinity of the
valve disk and downstream of it. Morris and Dutton [7]
experimentally studies the flow field and torque of a compres-
sible fluid in a butterfly valve. The 2-D experimental investiga-
tions were performed over a range of disk positions and pressure
ratios. Recently, butterfly valve performance coefficients (such
as lift, drag, resultant force and torque coefficients) in compres-
sible flow field were predicted using computational fluid
dynamics (CFD) [4]. However, in transonic or supersonic flow
field, expansion of vapor/carrier gas mixture (moist air) or steam
is often so rapid that the flow field gives rise to spontaneous
(homogeneous and non-equilibrium) condensation process [8,9].
In this process, first the vapor molecules itself generate
condensation nuclei spontaneously by molecular collision, and
secondly, the condensation of the vapor molecules take place on
these nuclei (droplet growth). This condensation process releases
thermal energy to the surrounding gaseous medium and
considerably modifies their thermo-fluid behaviors. This phe-
nomena is evident by the presence of water droplet which was
seen in the exhaust plume during the experimental testing
performed by Leutwyler and Danban [4] and responsible for the
difference between previous numerical and experimental results.
Thus, to predict accurately the flow field around butterfly valve
in compressible flows, working fluid must need to be considered
as multiphase fluid.

In the present study, the effect of moist air with the occurrences
of spontaneous homogeneous condensation on transonic internal
flow around a symmetric disk butterfly valve is investigated. Two
valve disk shapes have been studied in the present study: a flat
rectangular plate profile and a mid-plane cross-section of a
prototype butterfly valve. Results are presented for various
aerodynamic aspects for the case of moist air. Further the results
are compared with those of no condensation of dry air.
2. Numerical methods

2.1. Governing equations

The transonic flow through the symmetric disk butterfly
valves is governed by the unsteady compressible Navier-
Stokes equations written in two-dimensional coordinate
system (x, y). To link the heat supply by condensation
process, a rate equation of liquid-phase production [10] was
coupled. As a turbulence model, a modified two-equation
k-R model [11,12] was used in the present computation
where k and R are the turbulent kinetic energy and the
undamped eddy viscosity, respectively. These equations
were discretized by the finite difference technique. A third
order TVD (total variation diminishing) finite difference
scheme with MUSCL [13] was employed to discretize the
spatial derivative, and a second order central difference
scheme for viscous terms, and a second order fractional step
method was used for time integration. For simplicity of the
computation, assumptions are as follows; no velocity slip
and no temperature difference between condensate particles
and gas medium, and the effect of condensate particles on
pressure is negligible.
Figure 1 shows the computational domain of the flow

field, details of test section and two different valve
geometries (rectangular plate and mid-plane cross-section
of a prototype butterfly valve). The prototype butterfly valve
is similar to that used in previous study [3]. Chord length, c
and the thickness of the valve, t are 48 mm and 7.2 mm
(aspect ratio: t/c¼0.15), respectively. The height of the test
section H is 60 mm (H/c¼1.25). Angle of attack of the
valve is denoted by θ; where θ is the angle between x-axis
(reference axis) and the line joining the leading and trailing
edges of the valve (Figure 1(c)). Computational domain is



Figure 2 Time histories of static pressure at x/c¼0.83, and y/c¼0.31 for S01¼0. (a) θ¼01 and (b) θ¼3.21.

Figure 1 Computational domain, test section and valve geometries. (a) Computational domain, (b) details of test section with a rectangular plate,
and (c) prototype butterfly valve with θ.
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discretized by structured mesh. The origin of (x, y)
coordinate is located at leading edge of the valve. Aero-
dynamic and condensate properties are measured along line
A-A’ and B-B’ which are vertically 0.075c apart from the
valve upper and lower surfaces, respectively.
Working gas used in the present study is moist air which is

assumed to be thermally and calorically perfect. Inlet Mach
number, Ma upstream of the valve is 0.6 and Reynolds number
based on valve chord length is 5.4� 105. The pressure ratio
pb0/p01 ( pb0: total back pressure, p01: reservoir total pressure)
was kept at 0.739 [14]. Values of initial degree of super-
saturation, S01 are 0 for dry air and 0.6 for moist air. Total
temperature, T01 and total pressure, p01 in the reservoir are
298.15 K and 101.3 kPa, respectively.
Inlet boundary was fixed, and exit boundary was con-

strained with free boundary condition. Non-slip and adia-
batic wall conditions were applied at the solid boundary.
The pressure at the wall was obtained from zero normal
pressure gradient on the body surface. Condensate mass
fraction g was set to zero on the solid wall.
3. Results and discussion

Figures 2(a) and (b) show numerical results of time
variations of static pressures in case of prototype valve at x/
c¼0.83, y/c¼0.31 for θ¼01 and θ¼3.21, respectively, for
S01¼0. The ordinate designates the static pressure ratio and the
abscissa the elapsed time in ms. Dotted lines show numerical
results obtained with coarse meshes of 271� 71. Solid and
dashed lines show those with fine meshes of 351� 101 and
351� 131, respectively. The results obtained with fine meshes
show relatively similar fluctuation but one obtained with the
coarse mesh shows a significant difference in amplitude. This
implies the numerical result varies significantly depending on
the mesh sizes. However, the trend obtained by these finer
mesh simulation only show nearly identical fluctuation in
amplitude and a slight discrepancy in phase. Hence, in this
study finer mesh size is used.

It was found that the oscillation frequency (in dry air)
varied significantly depending on the mesh size. However,
for finer mesh sizes, the calculated frequency in case of
θ¼01 was 1.224 kHz compared to experimental data (using
a pressure transducer: Toyoda model PMS-5 500 K with
resonance frequency of 40 kHz) of 1.216 kHz. In the flow
case of θ¼3.21, the computed frequency deviates within
0.8% compared to the experiments. Moreover, computed
frequencies using finer mesh agreed well with experimental
data in case with spontaneous condensation. Thus, a mesh
size of 351� 101 was adopted for all the numerical
computations in the present study.

Now the flow structure in transonic flows around sym-
metric disks will be discussed. Figures 3(a) and (b) show
instantaneous schlieren photographs around a plate in cases
without and with spontaneous condensation by experiments,
respectively (θ¼3.21). The detail experimental setup are not
shown here for brevity and can be found in Ref. [15]. Since
there were no shock waves, results for θ¼01, are not shown



Figure 4 Schlieren photographs (plate, θ¼8.51). (a) S01¼0.17 and (b) S01¼0.60.

Figure 5 Computer numerical schlieren (plate, θ¼3.21). (a) S01¼0 and (b) S01¼0.60.

Figure 6 Computer numerical schlieren (plate, θ¼8.51). (a) S01¼0 and (b) S01¼0.60.

Figure 3 Schlieren photographs (plate, θ¼3.21). (a) S01¼0.17 and (b) S01¼0.60.
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here. Figure 4 show instantaneous schlieren photographs for
θ¼8.51. In the experimental facilities, the atmospheric air
can be dehumidified upto S01¼0.17 and the results are
shown in Figures 3(a) and 4(a). In this case, the degree of
supersaturation is so small that the air can be considered to
be almost dry [16]. Ranges of shock oscillation in the upper
passage of plate for θ¼3.21 and θ¼8.51 are x/c¼0.2 to
x/c¼0.5 and x/c¼0.45 to x/c¼1.0, respectively in this case.



Figure 8 Schlieren photographs (prototype butterfly valve, θ¼3.21). (a) S01¼0.17 and (b) S01¼0.60.

Figure 9 Schlieren photographs (prototype butterfly valve, θ¼8.51). (a) S01¼0.17 and (b) S01¼0.60.

Figure 7 Schlieren photographs (prototype butterfly valve, θ¼01). (a) S01¼0.17 and (b) S01¼0.60.
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However, in case with spontaneous condensation (Figures 3
(b) and 4(b)), it seems that the configuration of the shock
wave changes largely and its strength becomes weaker
compared to those in Figures 3(a) and 4(a). Figures 5 and
6 show computer generated schlieren pictures (density
gradient) corresponding to each figure in Figures 2 and 3,
respectively. The flow structures obtained by simulation are
agreed well with experimental results.
In case of a prototype butterfly valve, instantaneous

schlieren photographs for the cases of without and with
spontaneous condensation by experiments are shown in
Figures 7(a) and (b), respectively (θ¼01). Figures 8 and 9
show instantaneous experimental schlieren photographs for
θ¼3.21 and θ¼8.51, respectively. In these cases, the spo-
ntaneous condensation also changes the shock structure and
the shock strength becomes weaker to that of dry air case as
discussed for plate. However, in case of S01¼0.60, the
shock wave moves further upstream to that of dry air for
θ¼3.21 and θ¼8.51. The upstream movement of the shock
waves is due to the reduction of degree of flow expansion
(thus the reduction of upstream shock Mach number) which
is induced by the addition of heat to the supersonic flow
field through spontaneous condensation in case of moist air.
Figures 10–12 show computer generated schlieren pict-
ures (density gradient) corresponding to each figure in
Figures 7–9, respectively. As seen from these figures, the
flow structures obtained by simulation are similar to
experimental results. However, a slight difference of numer-
ical shock structure from experimental one is observable,
which is obviously created due to the complexities in real
flows, the main flow non-uniformity and the sidewall
boundary layers, which are never taken into account in
usual 2-D numerical simulations.

Figure 13 shows distributions of static pressure p/p01,
nucleation rate I and condensate mass fraction g along the line
A-A’ during one cycle of flow oscillation for θ¼01 around a
plate. T is a period of one cycle of flow oscillation measured at
x/c¼1.5, y/c¼0 (will be discussed latter). In case of S01¼0, it
is found that weak compression wave is generated at the
position close to the plate trailing edge. For S01¼0.6, this
compression wave is weaken by the development of nucleation
zone in the range of x/cE0.9�1.1 which causes the generation



Figure 12 Computer numerical schlieren (prototype butterfly valve, θ¼8.51). (a) S01¼0 and (b) S01¼0.60.

Figure 13 Distributions of static pressure (p/p01), nucleation rate (I) and condensate mass fraction (g) along line A-A’ around a plate (θ¼01).
(a) t¼0.333T (ms), (b) t¼0.667T (ms), and (c) t¼1.000T (ms).

Figure 10 Computer numerical schlieren (prototype butterfly valve, θ¼01). (a) S01¼0 and (b) S01¼0.60.

Figure 11 Computer numerical schlieren (prototype butterfly valve, θ¼3.21). (a) S01¼0 and (b) S01¼0.60.
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of condensate particles downstream of the plate. For θ¼3.21,
strong shock wave is generated around the plate upper surface
in the range of x/cE0.20�0.50 for S01¼0 as shown in
Figure 14. In case of the occurrence of spontaneous condensa-
tion (S01¼0.6), development of a nucleation zone is observed
due to rapid flow expansion in the region close to the plate
leading edge, and nucleation rate I reaches the peak value
where static pressure falls to a minimum and then decreases
rapidly after the maximum. Condensate mass fraction begins to
increase from the position where nucleation rate reaches the
peak and after that, varies further downstream of the position.
The maximum of g values is about 0.006 along line A-A’ for
θ¼3.21 (S01¼0.6). The reduction of shock strength is con-
sidered to be due to reduction of Mach number upstream of the
shock by the generation of liquid droplets in case of moist air.
The generation of condensate properties is in the same

manner as discussed. The graphical results for θ¼8.51
are not shown here for brevity. However, the value of



Figure 15 Distribution of static pressure (p/p01) around a prototype butterfly valve (θ¼01). (a) t¼0.333T (ms), (b) t¼0.667T (ms), and
(c) t¼1.000T (ms).

Figure 16 Distribution of root mean square (RMS) value of pressure oscillation around a plate. (a) θ¼01, (b) θ¼3.21, and (c) θ¼8.51.

Figure 17 Distribution of root mean square (RMS) value of pressure oscillation around a prototype butterfly valve. (a) θ¼01, (b) θ¼3.21, and
(c) θ¼8.51.

Figure 14 Distributions of static pressure (p/p01), nucleation rate (I) and condensate mass fraction (g) along line A-A’ around a plate (θ¼3.21).
(a) t¼0.333T (ms), (b) t¼0.667T (ms), and (c) t¼1.000T (ms).
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condensate mass fraction is highest for θ¼8.51 compared
with θ¼01 and θ¼3.21, and the maximum is about 0.01.
This is due to maximum reduction of cross section area at
the leading edge in the upper passage at this condition.
Figure 15 shows the distributions of static pressure p/p01
around a prototype butterfly valve along the lines A-A0 and
B-B0 during one cycle of flow oscillation T for θ¼01. In
case of S01¼0, shock waves along line A-A0 are observed to
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develop from x/cE0.5 and travel toward the leading edge
during the cycle. Along line B-B0, shock waves are moving
from leading to trailing edge. Thus, shock waves are
oscillating alternatively in between the upper and lower
passages during the cycle. In case of S01¼0.6, the max-
imum degree of expansion in the flow is reduced and thus
the strength of shock wave becomes weak compared to the
case of S01¼0. Furthermore, the distribution of p/p01
indicates that the strength of shock wave gradually
decreases when shock wave is moving towards the leading
edge of the valve in both the cases. In addition, the
generations of condensate properties are in the same manner
as discussed in case of plate. Other angles of attack (θ¼3.21
and 8.51) showed the similar flow phenomena as discussed
for θ¼01 (Figure 15).

Now, the aerodynamic instability induced by the unsteady
shock waves around the plate will be discussed using the
parameter - root mean square (RMS) value of pressure
oscillation. Figure 16 shows the distribution of RMS value
of pressure oscillation prms/pave (prms: RMS of pressure
oscillation; pave: average of pressure oscillation) around
upper passage of the plate for θ¼01, 3.21 and 8.51 in cases
without and with spontaneous condensation. At θ¼01
(Figure 16(a)), the compression waves at the trailing edge
of the plate causes the RMS values to increase to about 0.02.
Since there is no condensate mass fraction at these locations,
RMS values are almost the same for S01¼0 and S01¼0.6. In
case of θ¼3.21 (Figure 16(b)), the RMS values are higher
than θ¼01 (Figure 16(a)) at all axial positions. A peak is
observed at x/cE0.4 and the value is about 0.15 for S01¼0.
For S01¼0.6, reduction of RMS values are found in all axial
positions and the peak value is about 0.11. For θ¼8.51
(Figure 16(c)), the peak RMS values are 0.23 and 0.2 in
cases of S01¼0 and 0.6, respectively.
Figure 18 Local moment distribution for a plate (

Figure 19 Local moment distribution for a plate (S
Results in case of prototype butterfly valve is shown in
Figure 17. At θ¼01 (Figure 17(a)), two peaks are observed in
both the cases of S01¼0 and S01¼0.6. However, the second
one is more dominating than the first and located at about
x/c¼0.9. In all axial locations, the RMS values are smaller in
case of S01¼0.6 to those of S01¼0. The peak prms/pave values
are 0.09 and 0.08 for S01¼0 and S01¼0.6, respectively. For
θ¼3.21 (Figure 17(b)), the RMS values are comparable up to
x/c¼0.55 in both the cases of S01¼0 and 0.6. After that the
RMS values are reduced in case of S01¼0.6. The peak RMS
values are 0.17 and 0.11 for S01¼0 and S01¼0.6, respectively.
However, in case of S01¼0.6, peak RMS position is moved
upstream (x/c¼0.58) to that of S01¼0 (x/c¼0.68). Reduction in
RMS values and upstream shift of peak RMS position in case of
spontaneous condensation are also observed for θ¼8.51 shown
in Figure 17(c).
The aerodynamic torque is primarily a function of valve

angle, the operating pressure ratio and valve geometry. A
qualitative discussion of local moment distributions on the
plate surface provides insight into the torque characteristics.
Figure 18 shows distributions of local moment for θ¼01,
3.21 and 8.51 during one cycle of flow oscillation in case of
no condensation (S01¼0) for a plate. The dimensionless
local moment on the plate is defined here as the local
pressure difference across the disk multiplied by the moment
arm about the axis of rotation divided by the product of
upstream stagnation pressure (p01) and test section height
(H) This definition is the same as one defined in [17]. The
axis of rotation is at point A (x/c¼0.5, y/c¼0). Pu and Pl

are the pressures on upper and lower surfaces of the plate,
respectively and x’ is the moment arm. Sign convention for
moment is shown in these figures. For θ¼01 (Figure 18(a)),
local moments are zero except the range close to the leading
and trailing edges of the plate. Flow separation and
S01¼0). (a) θ¼01, (b) θ¼3.21, and (c) θ¼8.51.

01¼0.60). (a) θ¼01, (b) θ¼3.21, and (c) θ¼8.51.



Figure 20 Local moment distribution for a prototype butterfly valve (S01¼0). (a) θ¼01, (b) θ¼3.21, and (c) θ¼8.51.

Figure 21 Local moment distribution for a prototype butterfly valve (S01¼0.60). (a) θ¼01, (b) θ¼3.21, and (c) θ¼8.51.

Figure 22 Distribution of total pressure losses during one cycle of flow oscillation for a plate (x/c¼1.5, S01¼0). (a) θ¼01, (b) θ¼3.21, and
(c) θ¼8.51.

Figure 23 Distribution of total pressure losses during one cycle of flow oscillation for a plate (x/c¼1.5, S01¼0.6). (a) θ¼01, (b) θ¼3.21, and (c)
θ¼8.51.
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compressive waves are responsible for non zero local
moment distributions around leading and trailing edges,
respectively. For θ¼3.21 (Figure 18(b)), upstream of the
midchord, forces result in relatively large positive closing
moments at locations with large moment arm. This is due to
relatively large pressure differences induced by rapid increase
in pressure by shock wave at upper surface at x/co0.5.
Downstream of the midchord, x/c40.5, the pressure difference



Figure 24 Time averaged integrated total pressure loss (β) for two
different valve disk shapes (x/c¼1.5).
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across the plate is small and thus the moments are relatively
small. For θ¼8.51 (Figure 18(c)), large separation at the
leading edge and thus low pressure recirculation region at the
plate upper surface cause very large positive closing moments
in the range of x/co0.5. After x/c40.5, shock waves on plate
upper surface result in negative moments. The large negative
moments are observed in the range of 0.8ox/co0.95.
Asymmetric moment distributions about the axis of rotation
are clearly observed for angles of attack θ¼3.21 and 8.51
compared with the case of θ¼01. Local moment distributions
for the case with spontaneous condensation are shown in
Figure 19 (S01¼0.6). For θ¼01 (Figure 19(a)), it is observed
that moment values are reduced to some extent in the range
close the trailing edge compared with the case of no
condensation (Figure 18(a)). In case of plate with angle of
attack, θ¼3.21 (Figure 19(b)), the positive closing moments
are observed up to x/cE0.25, which is smaller compared with
result (x/cE0.35) in Figure 19(b). Above x/cE0.25, the
moments are almost zero except the range close to the trailing
edge. For θ¼8.51 (Figure 19(c)), the moment distributions are
comparable to those of case of no condensation (Figure 18(c))
up to x/co0.5. Downstream of midchord, x/c40.5, relatively
small pressure difference across the plate and thus smaller
negative moment values is attributed to the reduction of shock
strength in the plate upper region.

Results for the case of a prototype butterfly valve are shown
in Figure 20. For θ¼01 (Figure 20(a)), local moments are close
to zero upto the midchord, x/c¼0.5. At x/c40.5, large positive
and negative moments are observed alternatively during the
cycle. This is due to the alternative shock oscillation in between
upper and lower passage as discussed before. For θ¼3.21
(Figure 20(b)), upstream of the midchord, the large positive
closing moments are in the same manner shown in Figure 18(b).
Downstream of the midchord, x/c40.5, the appearance of shock
waves causes the large moment distribution. At the trailing edge,
though the pressure differences are small, large moment arm
also makes the moment values higher. For θ¼8.51 (Figure 20
(c)), shock waves and shock induced oscillation on valve upper
surface result in large moments. The large moments are
observed in the range of 0.75ox/co1.0. With the occurrences
of spontaneous condensation, the local moments are reduced for
all angles of attack compared to dry air shown in Figure 21.
Figure 22 shows distributions of total pressure loss (1-p0/p01)

(p0: local total pressure) for plate along y-direction at the
position of x/c¼1.5 in case without spontaneous condensation
one cycle. However, unsteadiness of total pressure losses
increases with an increase of angle of attack. The maximums
of total pressure loss values for θ¼01, 3.21 and 8.51 are
observed in the range of y/c¼�0.15�0.15, -0.3�0.2 and
-0.3�0.6, respectively. For θ¼8.51 (Figure 22(c)), much
variation of total pressure losses are observed in the region
close to the upper wall compared with other cases. This is due
to the boundary layer separation induced by shock wave at the
upper wall. Total pressure losses in case with spontaneous
condensation along y-direction during one cycle of flow
oscillation are shown in Figure 23 (x/c¼1.5, S01¼0.6). It is
found from this figure that values of total pressure loss become
larger compared with case of dry air in Figure 22. Moreover, y-
range of occurrence of total pressure losses is increased for all
angles of attack compared to Figure 22. The increase of total
pressure loss is considered to be due to the generation of
condensate droplets (induced by spontaneous condensation) and
the associated heat transfer to the flow field. This heat transfer
enhances the entropy of the transonic flow field in moist air case
and the corresponding total pressure loss compared to no
condensation in case of dry air flows. Similar results are also
found for a prototype butterfly valve and not shown here for
brevity.
Total pressure losses were integrated from the lower wall

to the upper wall at x/c¼1.5 and the time averaged value β
is shown for a plate and a prototype butterfly valve at each
angles of attack in Figure 24. With an increase of angle of
attack, β increases in cases without and with spontaneous
condensation for both the valve disk shapes. For plate, with
the occurrence of condensation, values of β for θ¼01, 3.21
and 8.51 increase approximately by 125%, 150% and 200%
compared to the case of no condensation, respectively.
However, in case of a prototype butterfly valve, β increases
approximately 25%, 18% and 15% with condensation
(S01¼0.6) for θ¼01, 3.21 and 8.51, respectively.
Further, it could be observed that the total pressure loss for

the butterfly valve is significantly less than that for the plate.
The geometric shape of the plate with sharp leading and
trailing edges causes more viscous separation compared to
prototype valve with round edges. Viscous separation (together
with other sources) also contributes to the total pressure loss.
Thus, the difference in total pressure loss is obviously due to
the difference in viscous separation while comparing the
transonic flows over a plate and a butterfly valve.
Flow oscillation frequency is measured in the wake

region at x/c¼1.5, y/c¼0. The dominant frequencies are
shown in Table 1 for both the rectangular plate profile and a
prototype butterfly valve in cases of no condensation
(S01¼0) and with condensation (S01¼0.6). The frequency
values are smaller for a prototype butterfly valve to those of



Table 1 Dominant frequency of flow oscillation in kHz measured at x/c¼1.5, y/c¼0.

Plate Prototype butterfly valve

01 3.21 8.51 01 3.21 8.51

0 17.05 15.71 6.16 3.08 3.48 5.22
0.6 07.03 7.59 3.61 1.60 2.08 2.90
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a flat rectangular plate profile for both the cases of S01¼0
and S01¼0.6. Moreover, the frequencies are reduced sig-
nificantly with the occurrences of spontaneous condensation
compared with the case of no condensation for both the
valve shapes Reduction of dominant frequency is considered
to be due to the decrease of turbulent fluctuation energy by
the relaxation process of condensation and evaporation of
vapor molecules on small droplet surfaces, and the interac-
tion of boundary layer with shock wave becomes weak due
to reduction of Mach number upstream of the shock wave.
4. Conclusions

A computational and experimental simulation was carried out
to investigate the effect of spontaneous condensation on the
aerodynamic characteristics of butterfly valves in transonic flow
field. The Mach number upstream of the valve was 0.6. Two
valve disk shapes have been studied in the present study: a flat
rectangular plate and a mid-plane cross-section of a prototype
butterfly valve. Results obtained are as follows:
�
 With the occurrences of spontaneous condensation, the
shock strength was reduced in both the valves and for
all angles of attack studied here (θ¼01, 3.21 and 8.51).
�
 In case of rectangular plate, condensate nuclei and
droplets were observed in the wake region for θ¼01.
For θ¼3.21 and 8.51, spontaneous condensation was
induced around the plate upper passage including down-
stream range. However, for prototype butterfly valve, the
condensate properties are developed in between upper and
lower passages up to downstream range.
�
 The flow field aerodynamic instabilities such as root mean
square (RMS) of pressure oscillation is reduced signifi-
cantly in moist air with those without spontaneous
condensation (dry air) for both shapes of the valves.
�
 Local moments on the rectangular plate and a prototype
butterfly valve were reduced in case with spontaneous
condensation which is considered to be beneficial in the
torque requirement in case of on/off applications for flow
control devices.
�
 Total pressure loss increased in case of moist air.

�
 In the wake region, the vortex shedding frequency was

reduced with spontaneous condensation.

�
 Furthermore, the disk shape of a prototype butterfly

valve showed better aerodynamic performance in
respect of total pressure loss and vortex shedding
frequency to that of a flat rectangular plate profile.
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