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1 INTRODUCTION 5

1 Introduction

E xcitation of acoustic standing waves in a main process flow line closed side branch, such as
the inlet line of a pressure relief valve (PRV), can occur due to vortex shedding generated by

increased flow in the main process line. The flow velocity for process lines where pressure relief
devices are mounted via a side branch should be limited to [5]:

u <

(
1

2.4

) (
d

L

)
ce (1)

where ce is the effective isentropic speed of sound of the main process flow pipe fluid system, u is
the maximum allowable fluid flow velocity in the main process line, and d/L is the pressure relief
device side branch inlet line diameter to length ratio. This limit can be very restrictive for flashing
two phase flow.

2 Vortex Shedding

As a result of increasing steam flow rates, several boiling water reactor (BWR) nuclear power
plants have recently experienced the excitation of acoustic standing waves in closed side branches,
e.g., safety relief valves (SRVs), due to vortex shedding generated by steam flow in the main steam
lines (see Figure 3). Flow past a valve entrance cavity excites a standing wave, resulting in noise
and vibration [6]. A similar tone is produced when air is blown across the mouth of a glass bottle.
There are many similar installations of pressure relief valves in the process industries where the
pressure relief valves are mounted on large process lines such as overhead lines for distillation
columns.

The amplitude of the acoustic pressure waves can be several times higher than the dynamic pres-
sure present in the system (see Figure 4). The acoustic waves propagate in the steam lines, eventu-
ally reaching sensitive components such as steam dryers and turbine stop valves. In addition, the
acoustic waves generated in the side branches may generate vibration problems locally and may
lead to complications such as valve-seat wear. Therefore, the structural components are subjected
to high-cycle fatigue loads, which over time may severely impact those components functionality
and safety.

3 Instability Caused by Resonance

Resonance occurs when the vortex shedding frequency coincides with the acoustic frequency of
the standpipe or the valve components. The natural frequency of the standpipe/valve combination
for a closed end pipe is given by the following equation:

fa =

(
2n− 1

4

)
ce

L + Le

=

(
2n− 1

4

)
ce

L + 0.425d
(2)
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4 FLOW VELOCITY LIMITS 6

where n is the mode number (1 for 1st mode, 2 for 3rd mode, etc.), ce is the acoustic speed through
the pipe contents as defined earlier, and Le is an end correction corresponding to Rayleigh’s upper
limit.

The frequency of pressure oscillations (sound) created by vortex shedding, the energy source for
the standing waves, is given by the following equation:

fs = Nstr
u

d + r
' 0.33 (n− 0.25)

u

d + r
(3)

Typically peak oscillations occur at a Strouhal Number around 0.4 as shown in Figure 4. Note that
the root mean square (RMS) pressure amplitude shown in Figure 4 is the ratio of pressure oscil-
lations divided by dynamic pressure (1

2
ρu2). RMS begins increasing at a specific onset Strouhal

Number and flow velocity depending on acoustic speed, pipe diameter, and pipe length, reaches a
peak value and then decreases.

4 Flow Velocity Limits

In order to avoid fatigue failure from resonance caused by the coupling of normal flow vortex
shedding frequency and the acoustic frequency of the standpipe (fs = fa), the normal flow velocity
in the main line has to be limited to less than this critical value:

umax <
fs

Nst

(d + r) <
1

4

(
ce

L + Le

) (
d + r

Nstr

)
<

1

4

(
ce

L + 0.425d

) (
d + r

0.6

)
(4)

As shown in Figure 4 the pressure fluctuations start to increase at a Strouhal number of 0.6 and
then decrease after they reach a peak value around a Strouhal number of 0.4. Field test data from
forty valves indicate that a value of 0.6 is conservative as shown in Figure 5.

In the case where d << L and r is small, the requirement for d/L for avoiding instability due to
vortex shedding can be simplified to:

d

L
> 2.4

umax

ce

> 2.4M (5)

or

umax <

(
1

2.4

) (
d

L

)
ce (6)

Where M is the normal flow Mach number.
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5 Prevention of Vortex Shedding

Figure 1: Acoustic Side Branch (ASB) Solution De-
veloped by Westinghouse

The use of a conical reducer instead of a
cylindrical branch connection to the main line
has been shown to be an effective means of
reducing or eliminating vortex shedding [4].
Installation of valves 8 to 10 diameters down-
stream of elbows or other flow disturbances
sources can also help to reduce turbulence.
Reduction of turbulence in the free shear
layer can disrupt the feedback mechanism
necessary to sustain a resonant vibration due
to vortex shedding as shown in Figure 6.
Equation 5 (or 6) indicates that vortex shed-
ding may be more pronounced for two-phase and vapor systems than liquid systems.

Figure 2: Effect of the ASB on the Pressure Re-
sponse of a Safety Relief Valve

In 2010, the Westinghouse Electric Company in-
troduced the concept of an acoustic side branch
(ASB) shown in Figure 1. The ASB can be con-
figured or tuned to decouple critical frequencies
of the system 1 as shown in Figure 2. Westing-
house also filed a patent on the ASB device 2.

The side branch acts like an acoustic mass and ap-
plies a different acoustic impedance to the system
than a low-pass filter [7]. The cutoff frequency is
given by:

fc =
π

8

ce

Lasb

d4
asb

d2
(7)

where fc is the cutoff frequency, Lasb is the length of the acoustic side branch, dasb is the diameter
of the acoustic side branch, and d is the diameter of the branch pipe (see Figure 3).

1See Westinghouse Electric Company, Nuclear Services/Engineering Services Background Brochure, December
2010 NS-ES-0186 (00000A)

2Noise And Vibration Mitigation System For Nuclear Reactors Employing An Acoustic Side Branch Resonator,
International Application Published Under The Patent Cooperation Treaty (PCT), August 23, 2012, WO 2012/112169
A1
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Figure 3: The Singing Safety Relief Valve [1]

Figure 4: Comparison of Calculated and Measured Pressure Fluctuations as a Function of Strouhal
Number [2]
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5 PREVENTION OF VORTEX SHEDDING 9

Figure 5: Critical Strouhal Number [3]

Figure 6: Plot of Steam Velocity / Valve Location Vibration Experience [4]
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6 Implications for Two-Phase Flow

The speed of sound for two phase flow can be substantially lower than the speed of sound for all
vapor/gas or all liquid flow. A typical value for flashing two phase flow is approximately 15 m/s,
while a typical value for gas/vapor is approximately 300 m/s. Liquid speed of sound is typically
1000 m/s or higher. This indicates that the the flow velocity in a main process flow line where
d/L = 1/10 (see Figure 3) for a pressure relief valve inlet line will be very restrictive for flashing
two phase flow:

u < < 0.042× 15 < 0.63 m/s for two-phase flow (8)
u < < 0.042× 300 < 12.6 m/s for gas/vapor flow (9)
u < < 0.042× 1000 < 42.0 m/s for liquid flow (10)

7 Pilot Operated Safety Relief Valve Historical Incident

In the early 1970’s the Anderson and Greenwood Company [8, 9] experienced field failures of
pilot operated safety relief valves that were used in the gas transmission industry. The pilot oper-
ated safety relief valves were installed on gas transmission lines via risers (side branches). These
failures were thought to be caused by vibration resonance due to the coincidence of mechanical
and acoustical resonant frequencies of the valve components: “A relatively small force, applied
externally to the system at the resonant frequency, will increase the amplitude of the system vibra-
tion out of proportion to the force. Recall the destruction of several suspension bridges under the
influence of a strong wind or marching soldiers in cadence”.

Anderson and Greenwood researchers were particularly challenged to identify the cause and mech-
anisms of the failures since the pilot operated safety relief valves were self destructing where no
flow existed in the inlet line: “What is the mechanism in the pressure loss theory which causes
resonance ? Truthfully, we aren’t positive - particularly since practically no flow exists in the inlet
pipe when the valve destructs”.

The failures were mitigated after a testing program provided some insight [8, 9]:

“(a) Where the inlet pipe riser is of the same size as the valve inlet line, the equivalent L/d must
be less than 5. (i.e.: a 4 inch valve on a 4 inch riser) L is the equivalent riser length in feet and d
is the riser inside diameter in feet. ”

“(b) Where longer runs are required, the riser should be one pipe size larger than the valve inlet
and swaged down directly below the valve by the use of a concentric reducer.”

Although Anderson Greenwood did not exactly figure out that the failures were caused by vortex
shedding, they did mitigate the failures by reducing the L/d ratio as shown in Equation 5, i.e. by
increasing d/L.

Interestingly enough, for installations where the above solutions could not easily be implemented,
Anderson and Greenwood company introduced the concept of a friction damper which they re-
ferred to as a “a pressure actuated drag service (plastic wedge ring actuated by the piston ”O”
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8 CONCLUSION 11

ring) which effectively dampens the piston”. They tested the friction damper on different riser
configurations yielding complete stability of main valve. Essentially, the drag device or friction
damper decouples the frequency of the main valve from the frequency of standing waves in the
main transmission line 3. The concept of a friction damper has been discussed recently as a possi-
ble method for addressing stability concerns with spring loaded pressure relief valves.

8 Conclusion

Where relief devices are mounted on process lines, vortex shedding can cause serious damage
and/or failures of the relief devices and associated piping components. Equations 5 or 6 should be
complied with by either decreasing L/d and/or by decreasing umax.

3See Anderson Greenwood Company Report 2-0175-21, “Pressure Actuated Seal Drag as Applied to Pistons in
Pilot Operated Safety Relief Valves”.
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