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ABSTRACT 
Gate valves and high-energy orifices can both act as sources of 
noise. This noise can represent a simple environmental 
problem or, in severe cases, can cause piping failures within 
hours. This paper presents the results of two studies, one to 
eliminate noise in the main steam lines of a new reactor, and, 
the other, to develop design guidelines for preventing noise in 
multi-stage, high-energy orifices. Both the valves and orifices 
were found to have a common noise generation mechanism, 
namely, an unstable fluid shear layer (e.g., vortex shedding) 
coupled with a fluid-resonant condition (i.e., an acoustic 
resonance). The main steam line noise was found to be caused 
by periodic vortex shedding across the seat cavities of the main 
steam isolation valves. The orifice noise is thought to be due to 
vortex shedding within the orifice holes themselves. This paper 
reviews the findings of both studies and presents measures that 
can be taken to eliminate noise problems. 
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fluid dynamic viscosity 
fluid density 

pipe 
valve throat 

INTRODUCTION 
There have been a number of cases where the steam lines 

of nuclear generating stations have produced loud tonal noises 
that, although not a threat to the pipe integrity, pose an 
environmental hazard for nearby workers. AECL took part in a 
measurement program to identify the source of the noise at the 
CANDU station that was experiencing this problem. The 
outdoor noise level was found to be as high as 92 dBA and to 
have a dominant tonal component at about 500 Hz. Fig. I 
shows an example of a noise spectrum that was measured 
outdoors at site. These characteristics made the noise 
sufficiently annoying that modifications were considered to 
eliminate the noise source. 

The series of noise and pipe wall vibration measurements 
was able to confirm that the Main Steam Isolation Valves 
(MSIVs) were the source of the pressure pulsations in the steam 
lines. The most important confirmation that these inline gate 
valves (shown in Fig. 2) were the source of the noise was that 
the pipe wall vibration frequency increased when the MSIV was 
closed slightly. This indicated that the noise source is related to 
the flow velocity in the valve throat and not to flow velocities 
elsewhere in the piping system. 

Since the MSIVs were installed in an operating plant, any 
modifications would have to involve a minimum shut down 
period and would preferably be made in-situ. A short-duration, 
scale-model test program was undertaken to develop the 
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outdoors at site. These characteristics made the noise 
sufficiently annoying that modifications were considered to 
eliminate the noise source. 

The series of noise and pipe wall vibration measurements 
was able to confirm that the Main Steam Isolation Valves 
(MSIVs) were the source of the pressure pulsations in the steam 
lines. The most important confirmation that these inline gate 
valves (shown in Fig. 2) were the source of the noise was that 
the pipe wall vibration frequency increased when the MSIV was 
closed slightly. This indicated that the noise source is related to 
the flow velocity in the valve throat and not to flow velocities 
elsewhere in the piping system. 

Since the MSIVs were installed in an operating plant, any 
modifications would have to involve a minimum shut down 
period and would preferably be made in-situ. A short-duration, 
scale-model test program was undertaken to develop the 
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optimum means of reducing the noise source in the gate valve. 
The modifications developed by this test program were 
implemented and were found to eliminate the steam-line noise. 
This paper describes the model test program and its findings as 
they relate to gate valves in general. 

The high-energy orifices that are used in the pressure and 
inventory control system of CANDU stations are also prone to 
the production of intense noise, which, in some cases has 
caused piping damage in a matter of hours. Recently, intense 
noise was generated by a feed orifice at low heat transport 
system pressures during commissioning. This and other current 
designs consist of a series of one- or four-hole orifice plates 
spaced out to allow pressure recovery between plates. 
Although these multi-stage orifices have been optimised to 
avoid cavitation, the recent experience has demonstrated the 
need for revised design guidelines to avoid noise and vibration 
problems. There is also interest in reducing the size of these 
orifices and avoiding degradation caused by erosion. In order 
to develop the improved design guidelines, a literature review 
has been performed and an experimental program planned. 
This paper briefly reviews the current findings and outlines an 
experimental program planned to develop solutions. 

VALVE TEST PROGRAM 

Model Design 
The VIBFLO air supply system at Chalk River 

Laboratories (CRL) was selected to provide a measured flow of 
air to the model. This system can provide at least 150 g/s of air 
on a continuous basis and up to about 530 g/s for short periods. 
To maximise the Reynolds number, Re, at a given Mach 
number, M, the highest possible air pressure and, hence, density 
must be used. Based on the capacity of this system, the 
available pipe supply, and the maximum pressure of the air, 3 
inch plastic PVC piping was chosen to represent the steam line. 
The length scaling factor was therefore set to 0.115, the ratio of 
the inside diameter of the model pipe to the inside diameter of 
the steam line. 

Figures 3 and 4 show a drawing and a photograph, 
respectively, of the valve model installed in the pipe. The 
model consisted of three main sections made of acrylic: an 
upstream reducing section, a downstream diffusing section, and 
a central disk-shaped insert to model the valve seat cavity. Four 
bolts were used to clamp the model and PVC pipe flanges 
together. Machined aluminium sleeves around the bolts were 
used to align the pipe and model sections. 0-rings provided 
sealing. The model valve seats were designed to be easily 
interchangeable. 

Figure 5 shows the five central inserts representing the 
different valve seat cavities that were tested. Insert I represents 
the existing, reference valve design, that has a cavity (larger 
diameter region between the two seats) that varies in depth 
around its circumference. The guide bars and stop bar that are 

located in the middle of the cavity are used to help position the 
disk in the real valve. Insert 3 represents a design modified to 
reduce the cavity depth to the minimum allowed by the existing 
disk. Inserts 1 and 3 both connect the valve throat to a volume 
representing the bonnet cavity that was machined into the main 
upstream and downstream model components. Inserts 2, 4 and 
5 have circular holes that result in uniform cavity depths. 
Insert 2 has the same inside diameter as the reference seat and 
hence eliminates the valve seat cavity. Inserts 4 and 5 result in 
cavities that have length (L) to depth (d) ratios of 5.8 and 1.7, 
respectively 

The central inserts were designed to be tested with one of 
the three disk designs shown in Fig. 6. These disks may be 
described as follows: Disk 1, the existing circular disk; Disk 2, 
a D-shaped disk designed to minimise the cavity volume; and 
Disk 3 an extended disk designed to minimise the cavity 
volume for use should the stop bar be removed. 

The thirteen axisymmetric valve seat designs used in the 
testing program are illustrated in Fig. 7. A minimum sealing 
face height of about 1.27 mm at model scale was considered 
necessary to ensure reliable valve sealing. For simplicity, only 
axisymmetric seat designs were considered. Possible solutions 
involving flow-deflecting vanes were not tested because of 
concerns about parts coming loose. 

The model steam line consisted of a 3-inch PVC pipe 
connected to the existing VIBFLO loop air supply. The 
downstream end of this pipe was connected to a 2-inch PVC 
pipe containing a valve for controlling the pressure in the test 
section. The initial phase of testing employed a gate valve for 
pressure control. This gate valve was replaced with a ball valve 
for the second phase because the gate valve produced its own 
tonal noise under certain conditions. 

Although the exact length of the model steam pipe and the 
position of the gate valve model in this pipe were not 
considered important, the total length of the PVC pipe was 
scaled to represent the approximate length of a steam line to 
ensure the high axial acoustic modal density that is 
representative of the long steam lines. The gate valve model 
was placed about 120 diameters (9 m) from the inlet end of the 
PVC pipe to ensure that the turbulent flow in the pipe was fully 
developed. 

The VIBFLO air supply has a flow control valve controlled 
by a microprocessor-based system connected to flow, pressure 
and temperature sensors. The system allows for either manual 
or automatic operation of the valves and displays the mass flow, 
absolute pressure and temperature of the air in the measuring 
leg. 

The model was instrumented to measure unsteady 
pressures, average static pressure, and pressure drop across the 
valve. Five quartz-based dynamic pressure transducers were 
flush mounted in the wall of the plastic pipe. Three were 
mounted upstream from the valve and two were mounted 
downstream. All of these pressure transducers were at the same 
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The length scaling factor was therefore set to 0.115, the ratio of 
the inside diameter of the model pipe to the inside diameter of 
the steam line. 

Figures 3 and 4 show a drawing and a photograph, 
respectively, of the valve model installed in the pipe. The 
model consisted of three main sections made of acrylic: an 
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a central disk-shaped insert to model the valve seat cavity. Four 
bolts were used to clamp the model and PVC pipe flanges 
together. Machined aluminium sleeves around the bolts were 
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representing the bonnet cavity that was machined into the main 
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respectively 

The central inserts were designed to be tested with one of 
the three disk designs shown in Fig. 6. These disks may be 
described as follows: Disk 1, the existing circular disk; Disk 2, 
a D-shaped disk designed to rnjnimise the cavity volume; and 
Disk 3 an extended disk designed to minimise the cavity 
volume for use should the stop bar be removed. 

The thirteen axisyrnmetric valve seat designs used in the 
testing program are illustrated in Fig. 7. A minimum sealing 
face height of about 1.27 mrn at model scale was considered 
necessary to ensure reliable valve sealing. For simplicity, only 
axisymmetric seat designs were considered. Possible solutions 
involving flow-deflecting vanes were not tested because of 
concerns about parts coming loose. 

The model steam line consisted of a 3-inch PVC pipe 
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pipe containing a valve for controlling the pressure in the test 
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pressure control. This gate valve was replaced with a ball valve 
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tonal noise under certain conditions. 

Although the exact length of the model steam pipe and the 
position of the gate valve model in this pipe were not 
considered important, the total length of the PVC pipe was 
scaled to represent the approximate length of a steam line to 
ensure the high axial acoustic modal density that is 
representative of the long steam lines. The gate valve model 
was placed about 120 diameters (9 m) from the inlet end of the 
PVC pipe to ensure that the turbulent flow in the pipe was fully 
developed. 

The VIBFLO air supply has a flow control valve controlled 
by a microprocessor-based system connected to flow, pressure 
and temperature sensors. The system allows for either manual 
or automatic operation of the valves and displays the mass flow, 
absolute pressure and temperature of the air in the measuring 
leg. 

The model was instrumented to measure unsteady 
pressures, average static pressure, and pressure drop across the 
valve. Five quartz-based dynamic pressure transducers were 
flush mounted in the wall of the plastic pipe. Three were 
mounted upstream from the valve and two were mounted 
downstream. All of these pressure transducers were at the same 
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circumferential position on the pipe. The axial positions were 
chosen to ensure that at least one of the transducers would be 
close to an antinode of any standing wave pattern in the pipe at 
the frequency of the tonal noise. Inserts 1, 4 and 5 were fitted 
with a sub-miniature quartz based pressure transducer recessed 
at the side of the cavity. 

The model Reynolds number was limited to about 0.52 
million while the original steam line had a Reynolds number of 
about 30 million at 100% flow. At these Reynolds numbers and 
considering the upstream flow path in the model, turbulent flow 
would be expected in both the full-scale and the model valves. 
Boundary layer estimates indicate that the velocity profile 
upstream of the valve seat cavity was well represented in the 
model test, especially at the highest model Reynolds numbers 
achievable. 

Experimental Procedures 
Thirty different valve configurations that were tested to 

arrive at an optimum solution. Each valve configuration was 
tested at between 7 and 19 different conditions. The test 
section conditions were determined from the mass flow and 
temperature measurements displayed by the flow control system 
and the test section pressure measured with the strain gauge 
pressure transducer. Typically, an initial test series was 
performed where the mass flow was set to give Mach numbers 
that generally ranged between 0.05 and 0.10 at a Reynolds 
number of about 0.145 million. The Mach number of the full-
scale steam line was 0.073 at 100% flow. Often, a few more 
short duration tests were done with the highest possible air 
flows to achieve Reynolds numbers up to 0.52 million. 

During each test, signals from the dynamic pressure, static 
pressure and pressure drop transducers were recorded 
simultaneously on a tape recorder and analysed for spectral 
content. The band root mean square (RMS) unsteady pressures 
quoted were determined over a 1000 Hz frequency band that 
was centred about the dominant tonal noise frequency if one 
was present (as in the spectra in Fig. 8). When tonal noise was 
not evident (as in the spectra in Fig. 9), a frequency band from 
3000 to 4000 Hz was used. The highest of the RMS pressures 
measured in the pipe for each condition was taken as the pipe 
unsteady pressure. The unsteady pressures were normalised by 

the dynamic pressure in the valve throat (q, = i pU,2 ). This 

dynamic pressure was calculated from the average throat 
velocity, U,, which was based on the minimum cross sectional 
flow area of the valve configuration being tested. 

Valve Noise Generation Mechanism 
The scale model test was able to reproduce the essential 

features of the noise problem observed in the steam line. 
Figure 8 shows the spectra of the upstream pipe pressure, P,, 

measured with the reference valve configuration. The pipe 
spectra show a dominant narrow band noise peak that varies 
from about 3320 Hz (S=1.12) at Mach 0.090 to 2833 Hz 
(S=0.93) at Mach 0.064. 

When the valve seat cavity was filled in with Insert 2 the 
tonal noise disappeared and the broadband noise decreased. 
The corresponding spectra decreased monotonically with 
increasing frequency as happens with random turbulence. 

The broad noise peaks, characteristic of vortex shedding in 
the absence of acoustic resonance, are seen in the pressure 
spectrum shown in Fig. 8. At Mach 0.079, for example, these 
peaks are centred on Strouhal numbers of about 0.52, 1.05, 
1.55, and 1.97, respectively. 

Much work has been done to understand and control vortex 
shedding over cavities in walls and external cavities in 
axisymmetric bodies of revolution (e.g., Naudascher and 
Rockwell 1994, Lucas et al., 1997, Blevins 1990). Because of 
the inherent instability of a free shear layer, small disturbances 
at the upstream edge of the cavity result in the formation of 
discrete vortices in the shear layer over the cavity. Each vortex 
will convect downstream until it impinges on the downstream 
edge of the cavity causing a pressure perturbation there. This 
pressure perturbation will then be acoustically transmitted back 
to the upstream edge where it can initiate the formation of 
another vortex. The time required for the vortex to move across 
the mouth of the cavity plus the time required to transmit the 
pressure back to initiate the formation of a new vortex will 
determine the preferred vortex shedding frequencies. 

Block (1976) developed the following equation to estimate 
the Strouhal number of vortex shedding over a relatively 
shallow cavity at low subsonic Mach numbers. 
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where kr is the real part of the wave number that has a value of 
0.57, d is the depth of the cavity and m is the mode number. 
For a representative average depth, Equation 1 indicates that 
Strouhal numbers of 0.51, 1.01, 1.52 and 2.03 would be 
expected for the first four vortex shedding modes. These 
Strouhal numbers match the Strouhal numbers that were 
observed in the valve model helping to confirm that the broad 
peaks are due to vortex shedding over the cavity. 

The narrow band noise peaks near 3240 Hz in Fig. 8 
appear to be due to a fluid resonant condition caused by a 
coupling of an acoustic resonant mode of the valve with a 
vortex-shedding mode of the cavity. Frequency response 
functions (FRFs) of pipe pressure with respect to cavity 
pressure were taken with the four possible valve orientations. 
These FRFs indicated that, at the main tonal frequency, the pipe 
pressures inline with the sides of the valve were three or more 
times those inline with the top (stem) or bottom (stop bar) of the 
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content. The band root mean square (RMS) unsteady pressures 
quoted were determined over a 1000 Hz frequency band that 
was centred about the dominant tonal noise frequency if one 
was present (as in the spectra in Fig. 8). When tonal noise was 
not evident (as in the spectra in Fig. 9), a frequency band from 
3000 to 4000 Hz was used. The highest of the RMS pressures 
measured in the pipe for each condition was taken as the pipe 
unsteady pressure. The unsteady pressures were normalised by 
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dynamic pressure was calculated from the average throat 
velocity, I/,, which was based on the minimum cross sectional 
flow area of the valve configuration being tested. 

Valve Noise Generation Mechanism 
The scale model test was able to reproduce the essential 

features of the noise problem observed in the steam line. 
Figure 8 shows the spectra of the upstream pipe pressure, P I ,  

measured with the reference valve configuration. The pipe 
spectra show a dominant narrow band noise peak that varies 
from about 3320 Hz (S=1.12) at Mach 0.090 to 2833 Hz 
(S=0.93) at Mach 0.064. 

When the valve seat cavity was filled in with Insert 2 the 
tonal noise disappeared and the broadband noise decreased. 
The corresponding spectra decreased monotonically with 
increasing frequency as happens with random turbulence. 

The broad noise peaks, characteristic of vortex shedding in 
the absence of acoustic resonance, are seen in the pressure 
spectrum shown in Fig. 8. At Mach 0.079, for example, these 
peaks are centred on Strouhal numbers of about 0.52, 1.05, 
1.55, and 1.97, respectively. 

Much work has been done to understand and control vortex 
shedding over cavities in walls and external cavities in 
axisymrnetric bodies of revolution (e.g., Naudascher and 
Rockwell 1994, Lucas et al., 1997, Blevins 1990). Because of 
the inherent instability of a free shear layer, small disturbances 
at the upstream edge of the cavity result in the formation of 
discrete vortices in the shear layer over the cavity. Each vortex 
will convect downstream until it impinges on the downstream 
edge of the cavity causing a pressure perturbation there. This 
pressure perturbation will then be acoustically transmitted back 
to the upstream edge where it can initiate the formation of 
another vortex. The time required for the vortex to move across 
the mouth of the cavity plus the time required to transmit the 
pressure back to initiate the formation of a new vortex will 
determine the preferred vortex shedding frequencies. 

Block (1976) developed the following equation to estimate 
the Strouhal number of vortex shedding over a relatively 
shallow cavity at low subsonic Mach numbers. 

where k, is the real part of the wave number that has a value of 
0.57, d is the depth of the cavity and m is the mode number. 
For a representative average depth, Equation 1 indicates that 
Strouhal numbers of 0.51, 1.01, 1.52 and 2.03 would be 
expected for the first four vortex shedding modes. These 
Strouhal numbers match the Strouhal numbers that were 
observed in the valve model helping to confirm that the broad 
peaks are due to vortex shedding over the cavity. 

The nariow band noise peaks near 3240 Hz in Fig. 8 
appear to be due to a fluid resonant condition caused by a 
coupling of an acoustic resonant mode of the valve with a 
vortex-shedding mode of the cavity. Frequency response 
functions (FRFs) of pipe pressure with respect to cavity 
pressure were taken with the four possible valve orientations. 
These FRFs indicated that, at the main tonal frequency, the pipe 
pressures inline with the sides of the valve were three or more 
times those inline with the top (stem) or bottom (stop bar) of the 
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valve and that the high pressures on the opposite sides of the 
pipe were about 180° out-of-phase with each other. This 
pattern is very similar to that of the lowest frequency acoustic 
cross mode (Blake 1986) that has a mode shape characterised 
by a single sine wave around the circumference of the pipe and 
a model-scale cut-off frequency of 2800 Hz. This mode is 
consistent with out-of-phase vortex shedding from opposite 
sides of the valve seat cavity coupled with an acoustic mode 
across the throat. At the frequency of the highest noise peaks, 
the throat diameter consistently represents about 0.45 
wavelengths. 

Since the deep axisymmetric cavity (L/d=1.7) produced by 
far the loudest tonal noise, it appears that the bonnet cavity of 
the valve is not required for the production of tonal noise. 
although it may have a small influence on its frequency. Fig. 10 
shows that the shallow axisymmetric cavity (Ud=5.8) greatly 
reduced the tonal noise production, possibly by stabilising the 
shear layer. 

Figure 10 shows curves of normalised pipe RMS pressures 
versus Mach number for a selected set of model configurations 
tested at Reynolds numbers of less than 0.25 million. 

Disk modifications were not found to be effective at 
reducing the noise levels while cavity modifications of the full-
scale valve were judged impractical. The test program 
therefore focused on valve seat modifications. 

Various authors have reported that vortex shedding 
instabilities can be significantly reduced if the flow is prevented 
from impinging on the downstream edge of the cavity either by 
moving the downstream edge out of the flow or deflecting the 
flow at the upstream edge (Naudascher and Rockwell 1994, 
Rockwell and Knisely 1979, Ethembabaoglu 1978, 1973, 
Blevins 1990, Willman et al. 1978). Pressure variations have 
also been reduced by rounding and inclining the downstream 
corner (Ethembabaoglu 1978, 1973, Heller and Bliss 1975). To 
test these approaches, Seats 3, 2 and 4, were installed in the 
downstream position while a standard seat was used upstream. 
These downstream seats had rounded or chamfered corners with 
the minimum sealing face height (see Fig. 7). These three 
configurations all reduced the maximum unsteady pressure 
coefficients, but only slightly. 

Franke and Can (1975) found that ramps or chamfers 
upstream and downstream of a cavity greatly reduced the 
pressure fluctuations in the cavity as long as the flow was 
separated over the upstream ramp. To test this approach, Seats 
2, 3 and 4 were tested in both the upstream and downstream 
positions. These configurations all produced significant 
reductions in the tonal noise but Seat 3, with a 7.7° chamfer, 
produced the lowest RMS pressures and performed well over 
the full range tested from Mach 0.053 to 0.084. Changing only 
the upstream seat to Seat 4 was almost as effective at reducing 
the noise as changing both the upstream and downstream seats 
but caused higher pressure losses. 

Because of the encouraging results for the double ramp 
configurations, Seats 5 to 12 were developed and tested in 
configurations with identical seats upstream and downstream. 
Seat 13 was used in the upstream position in a configuration 
with Seat 10 downstream. 

Of the seats with a rounded corner (radius>0.13 mm), 
Seat 4 performed the best. Figure 10 shows that below a pipe 
Mach number of about 0.079, Seat 4 reduced the noise to 
background levels in the pipe. Above this flow, the tonal noise 
levels rose with increasing flow to levels similar to those 
observed with the reference design at Mach numbers of 0.090 
and above. 

All of the chamfered seats with a sharp corner (0.13 mm 
radius) showed significant improvements over the reference 
configuration. However, with the exception of Seats 7 and 10, 
all eventually produced a loud tonal noise as the Mach or 
Reynolds number was increased. Up to a point, the Mach 
number at which the noise began to rise increased with 
decreasing chamfer angle. At Reynolds number of less than 
0.25 million the Mach numbers at which the noise level rose 
were: Seat 5 (0° chamfer) - 0.071; Seat 6 (4° chamfer) - 0.079; 
and Seat 3 (8° chamfer) - 0.086. At higher Reynolds numbers, 
the increases in noise level tended to occur at lower Mach 
numbers for these seats. 

While, the full and medium length 15° chamfers on Seats 7 
and 10, respectively, were almost equally effective at reducing 
noise, the short 15° chamfer on Seat 12 was generally noisier 
and produced an increase in noise level above Mach 0.090. 
Seat 13 was designed with a 12° chamfer that begins with a step 
to ensure flow separation. The performance of Seat 13 was 
similar to that of Seat 12 except that its noise level did not rise 
rapidly until above Mach 0.097. 

Figure 9 shows a multiple spectra plot of the pipe pressure 
obtained using Seat 10. This seat did not produce any 
significant tonal noise at any of the conditions tested including 
those at higher Reynolds numbers. Unlike Seat 7, this seat also 
had a sealing face high enough to ensure reliable valve sealing. 
Seat 10 was also very effective at reducing the intense noise 
generated by the deep axisymmetric cavity. This is an 
indication that the effectiveness of Seat 10 is not dependent on 
the details of the cavity such as its depth or the presence of the 
guide or stop bars. Because of its effectiveness over a wide 
range of conditions, the Seat 10 design was selected for 
implementation in the steam line valves 

Implementation 
A custom-made machine was used to reshape the seats of 

the MSIVs at the CANDU station to give them the profile of 
Seat 10. This modification successfully eliminated the noise 
coming from the Main Steam Lines. 
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valve and that the high pressures on the opposite sides of the 
pipe were about 180" out-of-phase with each other. This 
pattern is very similar to that of the lowest frequency acoustic 
cross mode (Blake 1986) that has a mode shape characterised 
by a single sine wave around the circumference of the pipe and 
a model-scale cut-off frequency of 2800 Hz. This mode is 
consistent with out-of-phase vortex shedding from opposite 
sides of the valve seat cavity coupled with an acoustic mode 
across the throat. At the frequency of the highest noise peaks, 
the throat diameter consistently represents about 0.45 
wavelengths. 

Since the deep axisyrnrnetric cavity (Ud=1.7) produced by 
far the loudest tonal noise, it appears that the bonnet cavity of 
the valve is not required for the production of tonal noise. 
although it may have a small influence on its frequency. Fig. 10 
shows that the shallow axisymrnetric cavity (Ud=5.8) greatly 
reduced the tonal noise production, possibly by stabilising the 
shear layer. 

Figure 10 shows curves of norrnalised pipe RMS pressures 
versus Mach number for a selected set of model configurations 
tested at Reynolds numbers of less than 0.25 million. 

Disk modifications were not found to be effective at 
reducing the noise levels while cavity modifications of the full- 
scale valve were judged impractical. The test program 
therefore focused on valve seat modifications. 

Various authors have reported that voitex shedding 
instabilities can be significantly reduced if the flow is prevented 
from impinging on the downstream edge of the cavity either by 
moving the downstream edge out of the flow or deflecting the 
flow at the upstream edge (Naudascher and Rockwell 1994, 
Rockwell and Knisely 1979, Ethembabaoglu 1978, 1973, 
Blevins 1990, Willmart et al. 1978). Pressure variations have 
also been reduced by rounding and inclining the downstream 
corner (Ethembabaoglu 1978, 1973, Heller and Bliss 1975). To 
test these approaches, Seats 3, 2 and 4, were installed in the 
downstream position while a standard seat was used upstream. 
These downstream seats had rounded or chamfered comers with 
the minimum sealing face height (see Fig. 7). These three 
configurations all reduced the maximum unsteady pressure 
coefficients, but only slightly. 

Franke and Carr (1975) found that ramps or chamfers 
upstream and downstream of a cavity greatly reduced the 
pressure fluctuations in the cavity as long as the flow was 
separated over the upstream ramp. To test this approach, Seats 
2, 3 and 4 were tested in both the upstream and downstream 
positions. These configurations all produced significant 
reductions in the tonal noise but Seat 3, with a 7.7" chamfer, 
produced the lowest RMS pressures and performed well over 
the full range tested from Mach 0.053 to 0.084. Changing only 
the upstream seat to Seat 4 was almost as effective at reducing 
the noise as changing both the upstream and downstream seats 
but caused higher pressure losses. 

Because of the encouraging results for the double ramp 
configurations, Seats 5 to 12 were developed and tested in 
configurations with identical seats upstream and downstream. - 

Seat 13 was used in the upstream position in a configuration 
with Seat 10 downstream. 

Of the seats with a rounded corner (radiuo0.13 rnm), 
Seat 4 performed the best. Figure 10 shows that below a pipe 
Mach number of about 0.079, Seat 4 reduced the noise to 
background levels in the pipe. Above this flow, the tonal noise 
levels rose with increasing flow to levels similar to those 
observed with the reference design at Mach numbers of 0.090 
and above. 

All of the chamfered seats with a sharp corner (0.13 mm 
radius) showed significant improvements over the reference 
configuration. However, with the exception of Seats 7 and 10, 
all eventually produced a loud tonal noise as the Mach or 
Reynolds number was increased. Up to a point, the Mach 
number at which the noise began to rise increased with 
decreasing chamfer angle. At Reynolds number of less than 
0.25 million the Mach numbers at which the noise level rose 
were: Seat 5 (0" chamfer) - 0.07 1; Seat 6 (4" chamfer) - 0.079; 
and Seat 3 (8" chamfer) - 0.086. At higher Reynolds numbers, 
the increases in noise level tended to occur at lower Mach 
numbers for these seats. 

While, the full and medium length 15" chamfers on Seats 7 
and 10, respectively, were almost equally effective at reducing 
noise, the short 15" chamfer on Seat 12 was generally noisier 
and produced an increase in noise level above Mach 0.090. 
Seat 13 was designed with a 12" chamfer that begins with a step 
to ensure flow separation. The performance of Seat 13 was 
similar to that of Seat 12 except that its noise level did not rise 
rapidly until above Mach 0.097. 

Figure 9 shows a multiple spectra plot of the pipe pressure 
obtained using Seat 10. This seat did not produce any 
significant tonal noise at any of the conditions tested including 
those at higher Reynolds numbers. Unlike Seat 7, this seat also 
had a sealing face high enough to ensure reliable valve sealing. 
Seat 10 was also very effective at reducing the intense noise 
generated by the deep axisymmetric cavity. This is an 
indication that the effectiveness of Seat 10 is not dependent on 
the details of the cavity such as its depth or the presence of the 
guide or stop bars. Because of its effectiveness over a wide 
range of conditions, the Seat 10 design was selected for 
implementation in the steam line valves 

Implementation 
A custom-made machine was used to reshape the seats of 

the MSIVs at the CANDU station to give them the profile of 
Seat 10. This modification successfully eliminated the noise 
coming from the Main Steam Lines. 
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HIGH-ENERGY ORIFICE STUDIES 
Based on the limited evidence available, the noise 

produced by the Pressure and Inventory Control feed orifice 
was found to be due to a vortex shedding from the square 
upstream edge of the orifice holes. As in the MSIV, fluid-
dynamic (due to intermittent reattachment) and fluid-resonant 
(i.e., acoustic resonance) feedback mechanisms were found to 
be acting together to cause the intense noise. Acoustic 
resonance is thought to occur in the volume between one orifice 
plate and the next. 

To avoid the problem experienced with the feed orifice 
mentioned above, it is recommended (a) that the thickness-to-
diameter ratio of orifice holes be less than 0.1 or greater than 
2.0 to avoid intermittent reattachment of the free shear layer, or 
(b) that the upstream edge be given a radius that is at least 20% 
of the hole diameter. By rounding the upstream orifice edge the 
orifice will be made far less prone to degradation caused by 
erosion of the square upstream edge. 

To avoid the possibility of noise problems it is 
recommended that the range of vortex shedding frequencies be 
kept below the lowest expected acoustic resonant frequency. 
Until tests can be done, it is suggested that 1.0 be used as the 
maximum Strouhal number of the vortex shedding. 

It is recommended that the inter-stage distance not be 
reduced to less than 10 times the diameter of the holes in the 
upstream orifice plate to avoid the possibility of fluid-dynamic 
feedback from the jet striking the downstream plate. 

A test program has been designed to develop more reliable 
and compact multi-stage orifices. The tests will examine the 
possible noise production mechanisms, evaluate the effect of 
inter-stage distances on pressure drop, and examine the 
cavitation issues in more compact orifice designs. A full-scale 
test section has been designed and certified, and the 
components procured. Although the test section is designed to 
accommodate heat transport system pressures, the planned tests 
will use water and air at pressures of less than 1 MPa. 

To avoid erosion damage it is conservatively recommended 
that flow velocities be kept to below 50 m/s. Inspection of 
orifices that have been used in the P&IC system is critical to 
developing revised design guidelines regarding erosion. 

SUMMARY 
A 0.115 scale model using air to represent steam 

successfully reproduced the mechanism causing a tonal noise in 
a large high-pressure steam line and to develop a practical 
means of reducing this noise. The source of the narrow band 
tonal noise in the steam line was a second mode vortex 
shedding across the valve seat cavity coupled with an acoustic 
mode in the valve. The acoustic mode resulted in out-of-phase 
pressures on opposite sides of the valve seat cavity. This 
excited an acoustic cross mode in the steam piping. 

To avoid excessive noise caused by gate valves in high-
pressure steam lines the throat velocity should be kept less than 
50 m/s or the valve should be fitted with an eyepiece to 
eliminate the valve seat cavity when the valve is fully open. 
These measures will also help to reduce pressure losses. If an 
eyepiece is not used then the valve seat cavity should be kept as 
shallow as possible while still allowing for adequate sealing 
face height. In venturi-type valves, high contraction ratios 
should be avoided to keep the velocities as low as possible and 
the boundary layer as thick as possible. 

The model-testing program indicated that 15° chamfers 
added to both the upstream and downstream valve seats 
eliminate tonal noise production. It is estimated that these 
chamfers should each extend axially no less than 20% of the 
width of the cavity. The model-testing program showed that 
rounding and/or chamfering the upstream and downstream 
valve seats in other ways can also be effective depending on the 
flow conditions. 

If a scale model of new valve designs is being tested prior 
to production (e.g., to confirm pressure drop estimates), it is 
recommended that model tests be done at the full scale Mach 
number and that pressure measurements be made in the model 
to ensure that no tonal noise source is present. As a minimum, 
a new valve design should be studied to confirm that the 
expected vortex shedding frequencies do not coincide with any 
obvious acoustic modal frequencies of the valve. 

It is now thought that the current multi-stage high-energy 
orifice deigns are prone to generate intense and potentially 
damaging noise. This noise is thought to be due to vortex 
shedding along the separated shear layer in the orifice holes 
combined with acoustic resonance between subsequent orifice 
plates. Tests will be performed to confirm these conclusions 
and develop new design guidelines for multi-stage orifices. 
These guidelines are expected to permit the design of quiet, 
more-compact orifices that are not subject to degradation by 
erosion. 
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HIGH-ENERGY ORIFICE STUDIES 
Based on the limited evidence available, the noise 

produced by the Pressure and Inventory Control feed orifice 
was found to be due to a vortex shedding from the square 
upstream edge of the orifice holes. As in the MSIV, fluid- 
dynamic (due to intermittent reattachment) and fluid-resonant 
(i.e., acoustic resonance) feedback mechanisms were found to 
be acting together to cause the intense noise. Acoustic 
resonance is thought to occur in the volume between one orifice 
plate and the next. 

To avoid the problem experienced with the feed orifice 
mentioned above, it is recommended (a) that the thickness-to- 
diameter ratio of orifice holes be less than 0.1 or greater than 
2.0 to avoid intermittent reattachment of the free shear layer, or 
(b) that the upstream edge be given a radius that is at least 20% 
of the hoIe diameter. By rounding the upstream orifice edge the 
orifice will be made far less prone to degradation caused by 
erosion of the square upstream edge. 

To avoid the possibility of noise problems it is 
recommended that the range of vortex shedding frequencies be 
kept below the lowest expected acoustic resonant frequency. 
Until tests can be done, it is suggested that 1.0 be used as the 
maximum Strouhal number of the vortex shedding. 

It is recommended that the inter-stage distance not be 
reduced to less than 10 times the diameter of the holes in the 
upstream orifice plate to avoid the possibility of fluid-dynamic 
feedback from the jet strilung the downstream plate. 

A test program has been designed to develop more reliable 
and compact multi-stage orifices. The tests will examine the 
possible noise production mechanisms, evaluate the effect of 
inter-stage distances on pressure drop, and examine the 
cavitation issues in more compact orifice designs. A full-scale 
test section has been designed and certified, and the 
components procured. Although the test section is designed to 
accommodate heat transport system pressures, the planned tests 
will use water and air at pressures of less than I MPa. 

To avoid erosion damage it is conservatively recommended 
that flow velocities be kept to below 50 rn/s. Inspection of 
orifices that have been used in the P&IC system is critical to 
developing revised design guidelines regarding erosion. 

SUMMARY 
A 0.1 15 scale model using air to represent steam 

successfully reproduced the mechanism causing a tonal noise in 
a large high-pressure steam line and to develop a practical 
means of reducing this noise. The source of the narrow band 
tonal noise in the steam line was a second mode vortex 
shedding across the valve seat cavity coupled with an acoustic 
mode in the valve. The acoustic mode resulted in out-of-phase 
pressures on opposite sides of the valve seat cavity. This 
excited an acoustic cross mode in the steam piping. 

To avoid excessive noise caused by gate valves in high- 
pressure steam lines the throat velocity should be kept less than 
50 m/s or the valve should be fitted with an eyepiece to 
eliminate the valve seat cavity when the valve is fully open. 
These measures will also help to reduce pressure losses. If an 
eyepiece is not used then the valve seat cavity should be kept as 
shallow as possible while still allowing for adequate sealing 
face height. In venturi-type valves, high contraction ratios 
should be avoided to keep the velocities as low as possible and 
the boundary layer as thick as possible. 

The model-testing program indicated that 15" chamfers 
added to both the upstream and downstream valve seats 
eliminate tonal noise production. It is estimated that these 
chamfers should each extend axially no less than 20% of the 
width of the cavity. The model-testing program showed that 
rounding and/or chamfering the upstream and downstream 
valve seats in other ways can also be effective depending on the 
flow conditions. 

If a scale model of new valve designs is being tested prior 
to production (e.g., to confirm pressure drop estimates), it is 
recommended that model tests be done at the full scale Mach 
number and that pressure measurements be made in the model 
to ensure that no tonal noise source is present. As a minimum, 
a new valve design should be studied to confirm that the 
expected vortex shedding frequencies do not coincide with any 
obvious acoustic modal frequencies of the valve. 

It is now thought that the current multi-stage high-energy 
orifice deigns are prone to generate intense and potentially 
damaging noise. This noise is thought to be due to vortex 
shedding along the separated shear layer in the orifice holes 
combined with acoustic resonance between subsequent orifice 
plates. Tests will be performed to confirm these conclusions 
and develop new design guidelines for multi-stage orifices. 
These guidelines are expected to permit the design of quiet, 
more-compact orifices that are not subject to degradation by 
erosion. 
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