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ABSTRACT 
Transonic flow vibrations in a main steam 

control valve for nuclear and thermal power plants 
are investigated. In the steam control valve, flow 
becomes supersonic around the valve head because 
of the large pressure difference between upstream 
and downstream of the valve. Shock waves occur 
and cause flow separations. The separated jet can 
become unsteady under a certain condition. As a 
result, serious pressure fluctuations occur because 
the shock wave fluctuation follows the unsteady 
motion of the separated jet. In the present paper, 
experimental and numerical studies are carried out 
to clarify the characteristics of the flow fluctuation. 
As a first step, unsteady pressure measurements and 
unsteady simulations are conducted for the case 
that the valve head is supported rigidly. Results 
show that several modes of pressure fluctuations 
appear around the valve head and its downstream 
pipe. As a second step, a flow induced vibration is 
investigated with a flexible support of the valve 
head. Results show that a diverging oscillation of 
the valve head is caused by the flow fluctuation.  

1. INTRODUCTION 
In nuclear and thermal power plants, a lot of flow 

control valves are used. A main steam control valve 
is one of the most important valves and used to 
control an output of the plant by means of 
controlling the main steam flow from a steam 
generator or a nuclear reactor to a steam turbine. 
Under partial load operating conditions of the plant, 
the main steam control valve limits the flow by 
reducing the clearance between the valve head and 
the valve seat. In such a situation, the pressure 
difference between upstream and downstream of the 
valve becomes so large that the flow velocity 
around the valve head becomes higher than the 
speed of sound. Shock waves occur in the 
supersonic jet and cause flow separations due to a 
shock-boundary layer interaction. The separated 
supersonic jet induces complex and unsteady flow 
patterns downstream of the valve and results in 

serious pressure fluctuations. The high level 
pressure fluctuation may cause an unexpected 
shutdown of the power plant. 

Problems originated from the unsteady flow in 
the steam control valve have been studied for many 
years. Araki et al. (1981) and Jibiki (2000) have 
reported experimental and numerical investigations 
of a flow field around the valve. In these papers, it 
is reported that the pressure fluctuation is caused by 
asymmetric and unsteady flow patterns at a certain 
condition. Shioyama et al. (1995) and Michaud et al. 
(2001) have reported their studies about a coupled 
oscillation of an acoustic resonance and a pipe wall 
natural fluctuation in a pipe system downstream of 
the valve. Recently, Morita et al. (2004) have 
reported experimental investigation and three-
dimensional numerical simulations. By means of 3-
D simulations, detailed characteristics of flow 
patterns were clarified.  Morita et al. (2005) also 
examined the valve head fluctuation induced by the 
flow fluctuation.  

In the present paper, experimental and numerical 
studies are carried out in order to understand 
following two problems. The first problem is a 
relation between the unsteady flow around the valve 
head and the acoustic resonance in the downstream 
pipe. The flow characteristics of the pressure 
fluctuation in the pipe are shown. The second 
problem is detailed investigation of the valve head 
oscillation caused by the flow fluctuation. Although 
Morita et al. (2005) have reported about this 
problem, the detailed mechanisms and numerical 
analysis has not been reported yet. By means of the 
experimental and numerical studies, mechanisms of 
the flow induced vibration are examined. 

2. EXPERIMENTAL EQUIPMENT  
Figure 1 shows a cold flow test facility. Dry air 

has been used as the working fluid instead of steam. 
Although physical properties are different from 
steam, it is considered that we can investigate 
fundamental characteristics of the flow fluctuation 
qualitatively. Figure 1(a) shows an overview of the 
facility. The dry high pressure air is stored in a high  



 

 

(b) Rigid

(c) Flexib

Fig

Seat diame
Minimum 
valve, Dm 
Diameter o
Curvature r
Curvature r

 

Figure 2

(a) Overvie

dly supported

bly supported

gure 1: Expe

eter, Ds 
diameter dow

of downstream
radius of hea
radius of sea

Table 1: Va

2:  Computat

 
ew of test fac

 

 
d valve head 

 

 
d valve head

 
erimental app

 

wnstream of

m pipe 
ad surface 
at surface 

Valve geometr

tional mesh a

cility 

 

configulatio

 

d configulatio

paratus 

62.4 m
f 

52 m
81.9 m
43.7 m

12 m

ries 

  
around valve

 

on 

on 

mm

mm
mm
mm
mm

e 

pres
con
Air 
a d
sho
con
with
Dim
are 
(KU
of 0
dow
the 
pres
in 
valv
sen
Figu
hea
low
osc
the 
on 
vibr

T
con
rati

ε

Her
para

ψ

Her
In t
pb
neg

U
ord
equ
equ
bas
4th 
sch
con
sch
Allm
As 
poin
LU

F
val

ssure tank. T
ntrolled by a

discharged t
downstream 
ws the schem

nfiguration. T
h a diameter

mensions of t
shown in

ULITE CT-1
0.3 Ds (Ds: S
wnstream of 

seat (on p
ssure transdu
circumferent
ve head is m
sor with a 
ure 1 (c) s

ad configurat
w rigidity slen

illation is me
slender shaf
the head aft
ration. 

Two parame
nditions of th
o. 

L
L

s

x
D

ε =

re, Lx is a l
ameter is a p

0

b
p

p
p

ψ =

re, pb is a bac
the present st
because a 

gligible.  

3. NU
Unsteady num
er to unde

uations are 
uations. Num
ed on a finite

order com
eme are ad

nvective term
eme is used 
maras mode
a time integ
nt backward
-SGS is appl

Figure 2 show
ve head. T

The inlet pre
an electric-m
to atmospher
pipe and a

matic of rigid
The valve i
r of 80mm m
the valve he

n Table 1.
190-700A) a
Seat diamete
the seat and

pipe wall). 
ucers are loc
tial direction
measured by

minimum 
hows the fl
tion. The val
nder pipe ma
easured by f
ft. Unsteady

fter confirmi

eters are us
he valve. The

 

lift of the v
pressure ratio

 

ck pressure a
tudy, atmosp

pressure lo

UMERICAL
merical simu
erstand flow

three-dime
merical schem

e difference 
mpact MUS
dopted as a

ms. A second
to calculate

el is adopted
gration schem
d implicit d
lied.  
ws a comput
he computa

essure of a t
magnetic co
re through th
a silencer. 
dly supported
is supported

made from sta
ad, the seat 
. Pressure 
are located a
er) on the he
d at 5Ds dow
At each lo

cated at each
n. The posi
y a digital l
resolution o

lexibly supp
lve head is s
ade from ste
four strain ga
y pressures a
ing negligibl

sed to defin
e first is a va

 

valve head. 
o. 

 

and p0 is a in
pheric pressu
oss in the 

L METHO
ulations are c
w patterns. 
ensional N

mes of the sim
method. AU
CL TVD i
an upwind 

d order centra
e viscous ter
d as a turbul
me, a second
difference s

tational mesh
ational regi

test valve is
ontrol valve.
he test valve,
Figure 1(b)
d valve head

d by a shaft
ainless steel.
and the pipe
transducers

at the radius
ead, at 0.1Ds
wn stream of
cation, four

h 90 degrees
ition of the
linear gauge
of 0.01mm.
ported valve
supported by
el. The head
auges put on

are measured
le effects of

ne operating
alve opening

 (1)

The second

 (2)

nlet pressure.
ure is used as

silencer is

ODS 
carried out in

Governing
avier-Stokes
mulation are

USMDV with
interpolation

scheme of
al difference
rms. Spalart-
ence model.

d order three
cheme with

h around the
ion is from

s 
. 
, 
) 
d 
t 
. 
e 
s 
s 
s 
f 
r 
s 
e 
e 
. 
e 
y 
d 
n 
d 
f 

g 
g 

d 

. 
s 
s 

n 
g 
s 
e 
h 
n 
f 
e 
-
. 
e 
h 

e 
m  



 

 

Figure 3
 (E

Figure 4: A
versus press

(b
Figure 5: P

upstream of
an outlet of 
of 714 poin
direction an
Following B
inlet, a total
by assumin
static pressu
the pipe are

p/
p 0

p/
p 0

2
4
6
8
1

Po
w

er
 s

pe
ct

ru
m

 , 
p/

p 0

3: Pressure f
Experiment, ε

Amplitude of p
sure ratio 

(a) S

b) Mode shap
Pressure fluc

f the throat b
f the downstr
nts in axial d
nd 69 points 
Boundary co
l pressure an
ng subsonic 
ure is fixed a
e treated as an

0

0.5

1

0 0.1

p
p 0

0

0.5

1

0 0.1

p
p 0

 10-4
 10-4
 10-4
 10-4
 10-3

0 1000

M
(24

fluctuation o
εL=0.046, ψp

 

pressure fluc

Spectrum 
 

pe in cross s
ctuation in do

 
between the 
ream pipe. Th
direction, 70
in circumfer

onditions are
nd a total tem

inflow. At 
at pb. Walls 
n adiabatic a

0.2 0.3
Time (s)

Head- 0 d

0.2 0.3
Time (s)

Head- 180 de

2000 3000 4
Frequency (Hz)

ε
L
=0.068, 

Mode 1
499Hz) (

 

 
on valve head
p=0.51) 

ctuation on h

 

 
section 
ownstream p

head and sea
he mesh con

0 points in ra
rential direct
e applied. At

mperature is f
the outlet, 

of the valve 
and non-slip 

3 0.4

degree

3 0.4

egrees

4000 5000

ψ
p
=0.72

Mode 2
(4177Hz)

d 

head 

pipe 

at to 
sists 
adial 
tion. 
t the 
fixed 

the 
and 

wall. 

Fig
in 
pres

4.1
valv

I
sup
und
fluc

F
fluc
thes
larg

F
pres
In e
cert
max
larg
repo
a si

F
fluc
pea
Hz 
betw
the 
(b).
fluc
natu
reso
et a
the 
met
the 
for 

F
fluc
RM
on 
the 
the 

gure 6: Ampl
downstream
ssure fluctua

4. RESU
Experimen

ve head 
n this sectio
ported valv

derstand fun
ctuations. 
Figure 3 sho
ctuations on 
se figures, 
ge amplitude
Figure 4 sho
ssure ratio (ψ
each conditio
tain ψp. By 
ximum ampl
ger. Similar
orted by Mo
mplified geo

Figure 5 sh
ctuation on d
aks at about 

(Mode 2).
ween four m
mode shape
 It has b

ctuations are 
ural vibratio
onance in a 
al. (1989) ha
frequency o

thod, we can
strong press
the weak pre

Figure 6 sho
ctuation mod

MS amplitude
the valve he
mode 1 is pr
random pres

 
litude of pres

m pipe vers
ation on valv

ULTS AND
ntal results 

on, experime
ve head ar
ndamental c

ows typical w
the rigidly s
random pre
s are observe

ows the RM
ψp) for four 
on, maximum

comparing 
litude becom
r pressure 

orita et al (20
ometry mode
hows a spe
downstream p
2500 Hz (M

. According
measuring po
e is identifie
been reporte

caused by a
on of the pip
cross section
as introduced
of such a cou
n obtain freq
sure fluctuati
essure fluctu
ows the am
de 1 in the d
e of the rand
ead. In this f
roportional t
ssure fluctua

ssure fluctua
sus RMS a
ve head 

D DISCUSS
with rigidly

ental results 
re shown i
characteristic

wave forms 
supported va
essure fluctu
ed.  

MS amplitude
valve openin

m amplitude 
four cases, 

mes larger as
fluctuation 

004) in their 
el.   
ectrum of t
pipe wall. Th

Mode 1) and 
g to phase 
oints in each 
ed as shown 
ed that suc
a coupled osc
pe wall and 
n of the pipe
d a method 

upled oscillat
quencies of 
ion mode 1 a

uation mode 2
mplitude of t

downstream 
dom pressure
figures, the a
to the RMS a

ation on the v

 

ation mode 1
mplitude of

SIONS 
y supported

with rigidly
n order to
cs of flow

of pressure
alve head. In
uations with

e versus the
ng ratio (εL).
appears at a
ψp with the
 εL becomes

has been
studies with

the pressure
here are two
about 4200
differences
90 degrees,
in Figure 5

ch pressure
cillation of a
an acoustic

e. Murakami
to calculate

tion. By this
2516Hz for

and 4310 Hz
2.  
the pressure
pipe versus

e fluctuation
amplitude of
amplitude of
valve head.

1 
f 

d 

y 
o 
w 

e 
n 
h 

e 
. 
a 
e 
s 
n 
h 

e 
o 
0 
s 
, 

5 
e 
a 
c 
i 
e 
s 
r 
z 

e 
s 
n 
f 
f 



 

 

 

 
Figure 7: Pressure fluctuation on valve head 

 (Numerical simulation, εL=0.046, ψp=0.48) 
 

 
Figure8: Spectral analysis of pressure fluctuation in 
downstream pipe (Numerical simulation) 
 
4.2 Numerical result for rigid valve 

In this subsection, comparisons between the 
experimental and the numerical results are shown in 
order to validate our simulation software. After that, 
the flow field is investigated in detail. 

Figure 7 shows the pressure fluctuation on head 
obtained by numerical simulation. The random 
pressure fluctuation with large amplitude is 
observed as is the case with experimental results. 

Figure 8 shows the pressure fluctuation in the 
downstream pipe. Although the influence of the 
pipe wall fluctuation is not taken account, the 
pressure fluctuation with the frequency of about 
2500Hz is captured. This is caused by acoustic 
resonance. However, the weak pressure fluctuation 
with a frequency of 4200Hz is unclear. 

According to these result, it is considered that the 
numerical results can predicts the flow pattern in the 
valve and the pipe with acceptable accuracy. 

Figure 9 shows instantaneous Mach number and 
pressure distributions around the head. From the 
Mach number distribution, it can be observed that 
supersonic jets are asymmetric and highly disturbed 
near the valve head. The pressure distribution shows 
that there is a high pressure region on the head 
surface. This high pressure region moves at random 
and causes the pressure fluctuations as shown in 
Figure 3 and 7. 

Figure 10 shows an instantaneous pressure 
distribution of the pressure fluctuation mode 1 

 
 

 
Figure9: Instantaneous pressure distribution (Top) 
and Mach number distribution (Bottom) (Numerical 
simulation, εL=0.046, ψp=0.48) 
 

 
Figure10: Instantaneous pressure distribution of 
mode 1 component on downstream pipe surface  
(Numerical simulation, εL=0.025, ψp=0.25) 
 

Inner diameter Outer diameter
Shaft-A (Steel) 10mm 14mm
Shaft-B (Steel) 20mm 24mm

Table 2: Specification of head support shafts  
 

component on the downstream pipe surface. As 
shown in Figure 5 (b), there is one period of the 
wave in circumferential direction. These results 
suggest that the acoustic resonance fluctuation can 
be predicted without consideration of the pipe wall 
oscillation and external disturbances. 
4.3 Experimental results with flexibly supported 
valve head 

In the present study, two kinds of pipes with the 
same length of 122mm and different diameter are 
used to support two kinds of head with the same 
contour and different mass (Heavy head (stainless 
steel): 2.6kg and light head (Acrylonitrile butadiene 
styrene (ABS)): 0.34kg).  Specifications of shafts 
are shown in Table2. 

Figure 11 shows growth of oscillation with 
ψp=0.046 and εL=0.50. The displacement of the 
head is measured by four strain gauges put on the  
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Figure14: Head displacement and pressure 
difference fluctuation on head as fluid force 
(Numerical result, f=32Hz, εL=0.046, ψp=0.50) 
 

 
Figure 16 Head displacement (left), Mach number 
distribution (center) and pressure distribution on 
head surface (right) (Numerical result, f=32Hz, 
εL=0.046, ψp=0.50) 
 
wall even though the head reaches the neutral 
position. Such a delayed response influences on the 
pressure distribution on the valve head surface and 
results in the excitation force. 

5. CONCLUSIONS 
In the present study experimental and numerical 

investigations are conducted in order to understand 
characteristics of a transonic flow fluctuation in a 
steam control valve. Results are summarized as 

follows. 
 

 Random pressure fluctuations with the large 
amplitude occur around the valve head under a 
certain operating condition. 

 When the amplitude of the pressure fluctuation 
on the valve head is large, the amplitude of the 
pressure fluctuation originated from the 
acoustic resonance in the downstream pipe 
becomes large.  

 The pressure fluctuation on the head can cause 
the diverging oscillation of the head if the 
rigidity of the head support is low. 
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