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ABSTRACT
In recent years, steam turbines experience increasing quantities of load changes along with
extended part load operation, posing new challenges for the regulation of the turbines.
Control valves are commonly used for the throttling of steam turbines, accompanied by
highly unsteady flow conditions at part load. The resulting pressure fluctuations can trig-
ger valve vibrations with reduced component lifetime and structural failures.
Most experimental research considers stiff valve configurations with the focus on im-
proved valve shapes. As a result, the availability of experimental data for the elastic con-
figuration is rare.
To enhance the comprehension of the fluid-structure interaction, a new control valve test
rig featuring a scaled model with an elastic valve stem is introduced in this paper. In addi-
tion to the experimental setup, first test results are presented and compared to numerical
simulations and published data. Using time resolving pressure signals, critical operating
points are detected for further investigations.
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NOMENCLATURE
AD Diffuser Throat Area m2 ps Static Pressure Pa
Ath Valve Throat Area m2 pt Total Pressure Pa
DD Diffuser Throat Diameter m q̇ Normalized Mass Flow -
DS Seat Diameter m RAir Specific Gas Constant J/(kgK)
H Valve Lift m RP Valve Plug Radius m
j∗ Critical Mass Flow kg/(m2s) RS Valve Seat Radius m
κ Isentropic Exponent - Tt Total Temperature K
ṁ Mass Flow kg/s
M Mach Number -
OR Opening Ratio - CFD Computational Fluid Dynamics
p0 Valve Inlet Pressure Pa FFT Fast Fourier Transformation
pamb Ambient Pressure Pa PIV Particle Image Velocimetry
PR Pressure Ratio - SST Shear Stress Transport
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INTRODUCTION
Turbomachinery plays a major role in the energy conversion. By transforming thermal into

mechanical energy, steam turbines are among the most versatile systems in the energy sector and
can be found in a wide range of performance classes. Besides the large turbines for commercial
power plants, steam turbines are also in use for various industrial applications.

A reliable turbine control is essential for the safe operation of the steam turbine. For constant
outlet conditions the power output of the turbine is prescribed by the steam conditions at the
turbine inlet. Among different methods, the use of control valves has won recognition for
regulating steam turbines. Due to the constant inlet conditions of the valve, the boiler can be
operated at steady conditions and larger load gradients are possible.

Over the past years, the demand on the turbomachinery is experiencing significant changes.
Power plants formerly designed for continuous steady state baseload operation are now operated
with an increased amount of load changes along with extended times at part load conditions.

At part load conditions, the pressure drop across the valve is increased and downstream
flow conditions as well as the mechanical and thermal stresses on the components change sig-
nificantly. The very large pressure gradients at low opening ratios of the valve are known to
favour complex flow instabilities with unsteady supersonic jets. The unstable flow patterns
have been found to be the cause of heavy valve vibrations which can lead to structural failures
and unplanned outages of the turbine as discussed by Hardin et al. (2003).

Issues with increased noise and vibration levels have emerged towards the end of the 20th
century. Ziada et al. (1989) investigated the impact of impinging supersonic jets as an excitation
source for pressure fluctuations. Later Hardin et al. (2003) discussed the failure of control valves
in a steam turbine and identified the flow regime as the root cause. Several valve shapes have
been tested and investigated using numerical approaches by Zhang and Engeda (2003). Among
the tested designs the introduction of a separation edge was found to reduce the flow instabilities
while favouring an annular flow pattern. Analog to a backward facing step, the flow is forced to
detach from the valve head and a flow attached to the seat and diffuser wall is supported. This
feature is used in various current valve designs e.g. as discussed by Clari et al. (2011), Domnick
et al. (2014) and Schramm et al. (2014).

For the spherical valve design, Zhang et al. (2004) performed experimental investigations
and categorized the flow patterns with respect to the opening and pressure ratio of the valve.
For a similar geometry Morita et al. (2004) conducted experiments with the focus on unsteady
flow conditions and discovered rotating pressure fluctuations on a rigid valve model. The inves-
tigations were continued by Yonezawa et al. (2010) for an elastic valve model with a variation
of the stem stiffness and a forced lateral motion. The results revealed a negative damping force,
that excites the valve motion near its mechanical resonance frequency.

Further experimental research was conducted by Clari et al. (2011) for a can shaped valve
design with a separation edge. While the focus of the investigation was on the near wall flow
patterns, a fluid-structure interaction was negligible due to the stiffness of the valve support
(Clari, 2014).

In addition to the experimental research, various numerical investigations were conducted
on several different valve geometries. The fluid-structure interaction in the spherical valve
design investigated by Morita et al. (2004) was further investigated by Zanazzi et al. (2013)
using numerical methods. For a can shaped valve design several publications by Domnick
et al. (2014, 2015, 2016) discuss part load performance and resulting flow patterns and reaction
forces, considering fluid-structure interaction effects.

Due to the poor accessibility and limited publications of data from industrial applications,
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the experimental data for validation is rare. Based on previous numerical investigations con-
ducted by Schramm et al. (2014) at the Ruhr-Universität Bochum, a new test rig was designed.
This paper will introduce the new control valve test rig featuring a scaled valve with an elas-
tic valve support. The elastic valve support allows for a radial displacement of approximately
1mm. In contrast to the investigations conducted by Yonezawa et al. (2010), the stiffness of the
stem can be easily adjusted in a wide range. The obtained data will be used for the investigation
of fluid-structure interaction and the validation of numerical setups, improving the quality of
numerical predictions for both the stiff and the elastic valve configuration.

EXPERIMENTAL SETUP
The focus of the experimental test rig introduced in this paper lies on the fluid-structure

interaction using a simplified and scaled model. During the design stage of the test stand, a
spherical valve shape was chosen as the baseline geometry, because it is known to show strong
vibrations. The similar valve geometries discussed by Zhang et al. (2004) and Morita et al.
(2004) allow the comparison of first test results.

Fig. 1: Valve geometry and throat areas Fig. 2: Principle sketch of the valve setup

The geometric description of the test valve is shown in Fig. 1. Using the valve plug ra-
dius RP , the valve seat radius RS and the throat diameter of the downstream diffuser DD, the
characteristic seat diameter DS can be calculated for the closed valve (Eqn. 1).

DS = RP
DD + 2RS

RP +RS

(1)

For an open valve, the conical throat area of the valve Ath is formed by the connection line
of the two center points of RP and RS for small valve lifts. The proportions of the geometric
parameters have been chosen in such way that the opening characteristic of the valve is almost
linear. At an opening ratio of OR ≈ 0.22 (see Eqn. 3) the valve is fully open and the valve
throat area equals the diffuser throat area AD. The chosen geometry given in Tab. 1 is similar
to the one described by Yonezawa et al. (2010) and allows a comparison of the results.

Different to the rigid valve design in Zhang et al. (2004), the design of the test rig ensures
an elastic valve behaviour as investigated by Yonezawa et al. (2010). A principle sketch of the
test valve is shown in Fig. 2. While the stiffness of the stem itself requires large forces for a
lateral displacement, the integration of a spherical bearing reduces the stiffness to a minimum.
For small amplitudes, the rotation of the valve plug around the bearing is comparable to a pure
bending spindle. Despite the stiffness and damping of the rubber sealing, the stiffness can
be increased by a periodic pattern of springs that encircles the bearing. The springs itself are
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Tab. 1: Geometry of the baseline configuration of the spherical valve shape

Diffuser Diameter (throat) DD/DS 0.8 [-]
Head Radius RP/DS 0.72 [-]
Seat Diameter DS/DS 1 [-]
Seat Radius RS/DS 0.32 [-]

Opening Ratio OR 0 to 0.25 [-]
Pressure Ratio PR 0.2 to 1 [-]

adjustable making it possible to customize the individual stiffness according to the operating
point and its resulting fluid forces.

Fig. 3: Experimental setup at the test facility

The operating point of the test rig is defined by the valve pressure ratio PR (Eqn. 2) and the
valve opening ratio OR (Eqn. 3). Unlike in field applications, compressed air is used for the
experimental investigation. The compressed air is taken from a buffer tank, which is fed by a
screw compressor (Fig. 3). The compressors supply the buffer tank on demand and allow steady
state operations of up to 0.5 kg/s at inlet pressures of up to 5 bar. The main valve in front of the
test rig is used to set the inlet pressure in the valve chest. Flow instabilities behind the main valve
are minimized by a flow straightener in front of the test rig. Because the compressors cannot be
operated at very low volume flows, an additional bypass valve is used to exhaust compressed air
to ambient. After the test section, the air is exhausted to ambient without significant pressure
resistance. The opening ratio of the valve can be varied between fully closed and fully open,
where fully open means that the diffuser throat is equal to the throttle area itself. Because the
pressure resistance past the test section is negligible, the pressure gradient across the valve and
the inlet total temperature dictate the mass flow through the test valve. Different to the real
application, it is not possible to create a back pressure and therefore small pressure gradients at
higher pressure levels at this time.

PR =
pamb
p0

(2)

OR =
H

DS

(3)

Zhang et al. (2004) claims opening ratios below 0.10 to 0.15 along with pressure levels in
the order of PR = 0.45 to 0.70 to show unstable flow regimes. During the design stage the con-
struction has been scaled in a way that the capability of the air supply allows the investigation
of the unstable range at the largest possible scaling factor. While critical pressure ratios will
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be possible for opening ratios up to approximately OR = 0.10, the capacity of the compressor
cannot provide the pressure level to drive the test rig at critical conditions (choked throttle area)
above this opening.

In order to measure the static and dynamic behaviour of the valve, various sensors have been
integrated in the piping and the test section as shown in Fig. 4. For the characterization of the
operating point of the valve, static pressure readings (ps) are taken at the valve chest inlet and
in the valve chest itself as well as in the downstream pipe. Along with the ambient pressure,
the pressure in the valve chest is used for the calculation of the pressure ratio across the valve.
Additional total pressure and total temperature probes (pt, Tt) can be traversed at the inlet of
the valve chest and in the downstream pipe and allow the measurement of total pressure profiles
at these locations. The mass flow through the valve is calculated using a flow meter (RMG
Turbine Meter TRZ 03, maximum error ≤1%) along with temperature and pressure sensors in
front of the test section.

Fig. 4: Overview of test stand instrumenta-
tion

Fig. 5: Exhaust section of the test valve with
pressure and temperature probes

Time resolving pressure probes circumferentially distributed on the valve head surface and
on the diffuser wall are used to detect pressure fluctuations and separation regions. Four pres-
sure transducers (KULITE XCQ-062, pressure range 3.5 bar and maximum error ±0.1%) are
integrated in the valve head and four pressure transducers (KULITE XCQ-080, pressure range
1.7 bar and maximum error±0.1%) are integrated in the diffuser wall. The motion of the valve
head is captured by two perpendicularly orientated acceleration sensors (MMF KS097.100, ac-
celeration range ±60 g and maximum non-linearity of ±2%), mounted inside of the valve head
in lateral directions. The orientation of the acceleration sensors is either aligned or shifted by
45◦ with respect to the position of the four pressure sensors. The support of the valve head and
the diffuser allow a free rotation of both components around the valve axis. While the angle
between two sensors along the circumference is fixed at 90◦, the overall sensor pattern can be
rotated without any restriction. The rotation applied to the diffuser and the valve head are in-
dependent. Additionally the lateral displacement is captured using a laser displacement sensor
(MicroEpsilon ME1420-100, detecting distance 100± 50mm and repeatability ±4 µm).
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Fig. 5 shows the downstream part of the test section with installed instrumentation. As can
be seen, the diffuser is crafted from acrylic glass allowing visible access into the test section.
For future analyses, particle image velocimetry will be used to visualize the flow structures
between the diffuser throat and the downstream pipe.

NUMERICAL SETUP
In addition to the experimental test campaign, numerical simulations are conducted to re-

produce the valve characteristics with numerical approaches. At first, a rigid model was used to
calculate steady state flow conditions and predict the overall capabilities of the test rig.
A block structured grid was used to mesh a simplified 360◦ model of the test geometry, neglect-
ing the complex internal geometry of the valve chest and the asymmetric inflow. The resulting
axisymmetric model is shown in Fig. 6.

Fig. 6: Numerical domain for steady state characteristics of the test geometry

Boundary conditions have been chosen according to the definition of the operating point and
with respect to the test conditions (see Fig. 6). For all calculations the outlet static pressure was
set to 100 000Pa and the inlet total pressure was set according to the pressure ratio. The inlet
total temperature was set to 303.15K according to the approximate steady state temperature of
the air supply. For the first steady state calculations and the prediction of mass flows, the Menter
SST turbulence model was chosen for turbulence modelling due to its simple implementation.
Simulations were performed with the commercial CFD-solver ANSYS R© CFX.

TEST RESULTS
In the following section, first test results with a stiff valve configuration are presented. By

replacing the pattern of springs with bolts, the stiffness was increased to a maximum and the
movement of the valve plug in lateral direction reduced to a minimum.

As a first step during commissioning, the valve characteristic has been recorded for opening
ratios of OR = 0.2, 0.1, 0.05 and 0.02. Following Domnick et al. (2015), the mass flows
have been normalized by the critical mass flow j∗ retrieved from the total inlet pressure and
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temperature and scaled by the valve seat area (see Eqn. 4 and 5).

j∗ =
pt√
Tt

[√
κ

Rair

M

[
1 +

κ− 1

2
M2

] κ+1
−2(κ−1)

]
for M = 1 (4)

q̇ =
ṁ

π
4
D2
Sj

∗ (5)

Fig. 7 compares the calculated mass flows against the measurements for different opening
ratios. For choked conditions, mass flows align well using the simplified model and numerical
mass flows are within the experimental uncertainty. For unchoked conditions above approxi-
mately PR = 0.8, the axisymmetric model overestimates the mass flow through the valve. It
is expected, that the impact of the asymmetric inflow into the valve chest and the chest itself
reduce the flow coefficient of the test rig. Future simulations will be conducted on a full model,
considering these influences.
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Fig. 7: Valve characteristics obtained from the commissioning of the test rig and CFD
results from the simplified model

Fig. 8 shows the current operating window of the test valve. For larger opening ratios, the
pressure ratio is limited by the maximum volume flow of the flow meter. For small opening
ratios, the pressure ratio can be decreased down to the design pressure ratio of the test rig of
PR = 0.2. While it is not intended for constant operation, the pressure ratio can be further
decreased until the safety valve is triggered.

Letters A,C,D and E in Fig. 8 correspond to the regions of characteristic flow patterns as
categorized in Zhang et al. (2004). Regions A, D and E are claimed to have only one corre-
sponding pressure distribution that is accompanied by high frequency pressure oscillations and
small pressure amplitudes. Region C is not linked to a specific pressure distribution and patterns
are prone to change among each other. During the change to another pattern, large pressure am-
plitudes have been detected. Because the proportions of the valve geometry in this publication
differs slightly from the introduced test geometry, the location of the different regions may vary.

In addition to the valve characteristics, time resolving measurements were used to locate
regions of possible instabilities within the operating range. Along with the steady readings,
time resolving pressure signals on the valve plug and diffuser surface have been recorded con-
tinuously with a sample rate of 2 kHz and a signal length of 1.0 s for a constant opening ratio
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Fig. 8: Operating range of the test rig and characteristic flow patterns (A,C,D,E) according
to Zhang et al. (2004)

and varying pressure ratios. To maintain quasi-stationary flow conditions, the main valve was
driven at a very low opening rate, allowing the compressor to follow the changing demand. By
applying a FFT analysis to the retrieved signals and plotting them over the associated pressure
ratio, it was possible to identify regions of high pressure fluctuations.

Fig. 9: 200 ms segments of pressure fluctuations for different pressure ratios at OR=0.05

Segments of the pressure fluctuations at different pressure ratios and a constant opening ra-
tio of OR = 0.05 are presented in Fig. 9. In the direct comparison, the overall magnitude of
pressure fluctuations and the overall noise level increases towards lower pressure ratios, while
the average pressure level decreases for both locations. A significant increase of pressure fluc-
tuations is observed between PR 0.8 to 0.7. A further increase of pressure amplitudes with
spikes of more than 50 000Pa happens from PR 0.6 to 0.5. The magnitude of fluctuations is in
the same order as reported by Yonezawa et al. (2010).

Fig. 10 shows the visualization of pressure fluctuations for an opening ratio ofOR = 0.05 at
the right sensor positions (see bottom right in Fig. 10 for reference). For each time step, the FFT
analysis of the pressure signals obtained on the valve plug and diffuser have been performed
individually. The resulting frequency spectra have been plotted against the pressure ratio.

By comparing the frequency spectra, the overall magnitude of pressure fluctuations on the
valve head are significantly higher. Pressure fluctuations on both locations for pressure ratios
near PR = 1 are small. At PR ≈ 0.7 (indicated by white arrows) the pressure fluctuations
across the whole frequency spectrum increase spontaneously on both locations. This increase
seems to be linked to a change in the overall flow condition, which can be detected by an
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Fig. 10: Frequency spectra of pressure fluctuations for different pressure ratios at
OR=0.05

increased acoustic noise level. Numerical simulations suggest, that below this pressure ratio the
whole throttle area is choked.

For further reduced pressure ratios the overall noise floor in the diffuser frequency spectrum
increases. While the diffuser does not show any dominating frequencies, the results on the
valve plug below PR = 0.6 show increased pressure amplitudes at frequencies of up to 200Hz,
peaking near PR = 0.45.

The location of the increased pressure fluctuations aligns well with the region of reported
vibrations in Yonezawa et al. (2010). For a comparable valve geometry, vibration levels are
shown against the pressure and opening ratio. Strong vibrations with amplitudes above 1mm
are observed between PR =0.4 to 0.55 and no vibrations are detected above PR = 0.6. It is
expected, that this behaviour will be reproduced in future measurements with the elastic valve
configuration.

CONCLUSIONS
A new control valve test rig has been introduced that features a scaled steam turbine con-

trol valve with an elastic valve support. First test results for a stiff valve configuration were
investigated and valve characteristics have been recorded. Measured mass flows align well with
simplified numerical steady state simulations and the predicted operating window was met.

The measurements conducted with the stiff valve configuration were investigated for dif-
ferent opening ratios. For a wide range of pressure ratios, frequency analyses of the pressure
signals on the valve plug and valve diffuser have been performed. The results for an opening
ratio of OR = 0.05 are compared to literature and the region of high pressure fluctuations
matches the region of reported vibrations. Identified regions will be examined in future inves-
tigations with the elastic valve configuration. It is expected, that vibrations will be observed in
this operating range.
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