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1. Introduction

It is well recognized in industry that a majority of vibration problems are induced by in-
ternal fluid pulsations. There is sometimes a tendency to attribute these pulsations solely to
the action of pumps or compressors within the piping systems, and to direct remedial steps
either toward modifying the pump internals or providing more effective pipe support. While
each of these approaches is valid and useful, an alternate or complementary approach lies in
modifying the pulsation response of the piping. When pulsation frequencies from a recipro-
cating pump, for example, coincide with a mechanical vibration resonance of the piping, the
process of mismatching the driving force from the normal vibration response modes is quite ef-
fective. In addition, pulsation resonant frequencies within the piping can also amplify pulsation
effects to the point that mechanical fatigue failures occur in the piping or pump components.
Thus, successful treatment of resulting vibration problems can often be achieved merely by
mismatching these pulsation resonances from major pump frequencies, and by providing acous-
tic filters to attenuate pulsation amplitudes over a wide range of frequencies. The acoustic
filter approach is particularly applicable to variable speed pump installations where operational
flexibility dictates operation over a range of speeds and pulsation frequencies.

Similar pulsation problems exist with centrifugal machinery, but influence of the piping is
often even more important in defining both pulsation frequencies and amplitudes. Pulsation
problems with reciprocating pumps can now be adequately dealt with, and reliable techniques
for predicting and solving such problems have been previously described in the technical liter-
ature. Therefore, this paper will deal chiefly with centrifugal pump and compressor pulsation
problems.

By far the most difficult problem in analytically describing plant dynamics problems lies in
predicting driving forces from the internal flow or pulsation forces which excite the vibrations.
These pulsation driving forces are a function of both the pulsation response of the piping system
and the source strength and frequencies of the pulsation generating mechanisms.

2. Piping System Pulsation Response

2.1 Piping Acoustics

A piping system employing various discrete lengths, diameters, branches, constrictions, etc.,
constitutes a complex flow impedance network incorporating dynamic transfer characteristics
which will amplify some pulsation frequencies and attenuate others. In flowing piping systems,
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the acoustic resistance is a direct function of the pV?2 pipe frictional losses. These far overshadow
conventional acoustic dissipation effects such as molecular relaxations for the range of flows
normally encountered in industrial piping systems. This distributed piping system, therefore,
can amplify low level pulsation up to as much as a factor of 100 depending on frequency, pipe
size, flow, termination impedance, etc.

Since the acoustical pulsation characteristics of typical pump and compressor piping system
are linear, conventional acoustic theory can be used to define resonant frequencies, mode shapes
and filtering characteristics. The non-linear effects of damping only affect the amplitude or
sharpness of the resonance peaks. Using elementary physics, resonances of individual piping
segments can be very simply described from “organ pipe” resonance theory. The standing wave
(pressure) mode shapes for various piping resonances are shown in Figure 1. It will be recalled
that such resonance modes are characterized by:

e pressure maxima at closed ends

e velocity minima at closed ends

e pressure minima at open ends

¢ velocity maxima at open ends.

Since the basic equation defining wave length (), pipe length (L) and acoustic velocity

(a) is @ = fA, resonant frequencies for the various modes of the three configurations can be
conveniently calculated from the following equations:

Half-Wave Resonance (Pipe closed at both ends or open at both ends)
f=N —2% where N = 1,2,3... = harmonic (1)

Quarter-Wave Resonance (Pipe open at one end and closed at the other)

f:(2N—1)21%whereN:1,2,3... (2)

When piping components are coupled together, more complex resonances can exist (i.e., of
several interacting segments) in addition to the pure component resonances, and one component
can be situated to detune a resonance within another (e.g., a quarter-wave stub or side branch
Helmholtz resonator). These complex system interaction characteristics can best be analyzed
by solving the acoustic equations of motion using a digital computer solution.

3. Vibration Excitation Sources

Piping and machinery vibrations are often excited by pulsation forces inside the piping/machine
or, secondarily, by mechanical excitation from machinery unbalanced forces and moments at
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one and two times the running speed. Potential excitation sources are included in the following
list and are also summarized in Figure 2.

e Mechanical energy from machinery unbalanced forces and moments
o Pulsations generated by reciprocating compressors and pumps

¢ Pulsations generated by centrifugal compressors and pumps

e Pulsations generated by flow through or across objects

e Pulsations generated by pressure drop at restrictions

e Pulsations generated by cavitation and flashing

e Pulsations generated by waterhammer and surge

3.1 Pulsation Generating Mechanisms
3.1.1 Reciprocating Compressors and Pumps

The intermittent flow of a fluid through compressor or pump cylinder valves generates fluid
pulsations which are related to a number of parameters, including operating pressures and tem-
peratures, horsepower, capacity, pressure ratio, clearance volumes, phasing between cylinders,
fluid thermodynamic properties, and cylinder and valve design. Pulsations are generated at
discrete frequency components corresponding to the multiples of operating speed.

The pulsation amplitudes depend on the magnitude of the pulsation generated and the
reflected amplitudes of the frequency components as they interact with the acoustical resonances
in the system.

Pulsation amplitudes can be predicted by modeling the acoustic characteristics of the piping,
the pulsations generated by the compressor or pump and the interaction of the two. Digital
and analog simulation techniques have been developed to model the piping and the pulsation
generating characteristics of compressor and pump systems. The analog technique, which was
developed in the 1950’s solves the differential equations by building electrical models of the
piping and the compressors and pumps. In the digital technique, the differential equations of
the acoustic phenomena are solved with complex matrix algorithms using modern high speed
computers.

3.1.2 Centrifugal Compressors and Pumps

Pulsation amplitudes generated by centrifugal machines generally occur at one times running
speed and blade passing frequency and their multiples. They are a function of the radial
vibrations, the radial impeller clearance, seal and wear ring clearances, the symmetry of the
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impeller, diffuser and case, and the volute characteristics. As operating conditions deviate from
the design or best efficiency point, a variety of secondary flow patterns may produce additional
pressure fluctuations.

Significant low frequency pulsations can also be produced as a result of dynamic interaction
of the acoustical response of the piping, the head-flow curve of the unit, the dynamic flow
damping, and the location of the unit in the piping geometry.

3.1.3 Flow Through or Across Objects

Flow through a restriction or past an obstruction or restriction in the piping may pro-
duce turbulence or flow-induced pulsations. These flow generated pulsations (commonly called
Strouhal excitation) produce noise and vibration at frequencies which are related to the flow
velocity and geometry of the obstruction.

The acoustical modes of a piping system and the location of the turbulent excitation have
a strong influence on the frequency and amplitude of the vortex shedding. The frequencies
generated by the turbulent energy are centered around a frequency which can be determined
by the following equation:

wn
3
<

fs = (3)

!

where
fs = Strouhal vortex frequency, Hz
Sy = Strouhal number, dimensionless (0.2 to 0.5)
V = Flow velocity in the pipe, ft/sec
D = Characteristic dimension of the obstruction, ft

For flow over tubes, D is the tube diameter, and for excitation by flow past a branch pipe,
D is the diameter of the branch pipe.

3.1.4 Pressure Drop Through Restrictions

Pressure regulators, flow control valves, relief valves, and pressure letdown valves produce
pulsations (noise) associated with turbulence and flow separation, and the relatively broad
band frequency spectrum is characteristically centered around a frequency corresponding to a
Strouhal number of approximately 0.2.

3.1.5 Cavitation and Flashing

Flashing and cavitation can occur in the low pressure region of liquid system pressure control
valves when the pressure drops below the vapor pressure. When cavitation occurs, a gas bubble
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is formed and moves with the flow. As the pressure increases, the pressure rises above the vapor
pressure, the gas bubble collapses, and a high amplitude shock pulse results in the fluid.

To avoid flashing after a restriction, sufficient back pressure should be provided by taking
pressure drop at several locations. Alternately, the restriction could be located near an open
end so that the flashing energy can dissipate into a larger volume.

3.1.6 Hydraulic Waterhammer and Surge

Starting and stopping pumps with the attendant fast opening and closing of valves is a
major cause of severe transient pressure surges in piping systems. Increasing the closure time
of valves can reduce the severity of the surge pressure. Methods are available to evaluate the
severity of waterhammer in a particular piping configuration for various closure rates.

Centrifugal compressors and pumps can sometimes surge when they are operating at a low
flow, high-head condition. The flow-versus-head curve can actually cause backflow to occur and
significant pulsations can be generated which are a function of the piping acoustical natural
frequencies and the overall impedance characteristics.

3.2 Coupling Mechanisms

For vibrations to occur, there must be an energy generating source plus a coupling mech-
anism to convert the pressure forces into shaking forces. Therefore, in evaluating the piping
vibration characteristics of an installation, it is essential to understand the coupling mechanisms
which cause shaking forces to occur in the piping system.

Pressure pulsations couple to produce shaking forces at piping bends, closed ends of vessels
and headers, discontinuities or changes in the piping diameters and at restrictions, such as
orifices, valves, and reducers. In a continuous straight pipe of constant diameter, pulsations
will not produce a significant vibration excitation force.

Thus for normal piping systems, the most common coupling point is the piping bend. The
shaking force acting on a bend results from the change in momentum due to the change in
direction. An indication of the actual shaking force at a bend associated with a given pulsation
in a piping run can be computed by considering the acoustic system as a conservative system
(the maximum kinetic energy is equal to the maximum potential energy and the total dynamic
energy is the same at any point in the given piping run). The magnitude of the shaking force
at any frequency component can be shown to be (2pA cos g) where p is the maximum pressure
pulsation amplitude at that frequency in the piping run, A is the area of the pipe, and 8 is the
angle between the legs of the bend. Thus, for a 90 degree bend, the shaking force would be
1.414 pA bisecting the angle, Figure 3.

Another mechanism of an acoustical energy coupling to provide shaking forces occurs for
manifold bottles, capped headers, filters, etc. In such elements, the acoustic forces present
at each end and at each baffle or restriction, if any, must be considered to determine the
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total resultant unbalanced force. Thus, not only differences in pulsation amplitude, but also
in phasing and the areas on which the pulsations act must be accounted for in obtaining the
vector sum for each frequency component. For example, for a simple case of an empty surge
bottle or header capped on both ends, the shaking force that would be produced by a pulsation
component that is equal in amplitude at each end but opposite (180 degrees) in phase would
be 2pA. This condition would exist for the fundamental mode of resonance for any piping
component capped at both ends and also for all odd order multiples of this frequency. On the
other hand, for the even order modes of resonances for a simple bottle, the dynamic pressures
acting on each end of the bottle will be in phase (0 degrees) with each other such that there
will be no net resulting shaking force. Figure 4 gives an illustration of shaking forces in a bottle
in the first four modes of resonance.

Thus, a knowledge of the pulsations that can exist in a piping system and the mechanism
by which shaking forces can result from these pulsations are essential in evaluating the piping
vibration characteristics of an installation. It should be re-emphasized that the most significant
factor controlling the interactions of a piping system is the coupling of the system excitation
forces with the resonances of the system, both acoustical and mechanical.

3.3 Centrifugal Machinery Response to External Pulsations

One of the more interesting phenomena associated with centrifugal pumps and compressors
is their ability to either amplify or attenuate pulsations introduced into the piping from an
external source such as a nearby reciprocating machine. Such phenomena have been documented
both in the laboratory and in industrial plants for gas compressors and strongly evidenced in a
variety of liquid pump problems.

Pulsations from a reciprocating pump or compressor are normally fixed in frequency at
the reciprocating pump shaft speed and multiples thereof. Pulsation amplitudes are strongly
influenced by the dynamic acoustic response of the attached piping system, and if a harmonic
of pump speed corresponds to a strong normal mode acoustic resonance of the piping system,
severe pulsations can result. Normally, when such pulsations are introduced into the suction
or discharge of a centrifugal pump, they will be conducted through the impeller, and standing
wave pulsation resonances can exist throughout the pump piping system. Further, under certain
design conditions, the compressor can serve to amplify the pulsations to a higher level than
would occur in a purely passive piping system.

3.4 Centrifugal Machinery Response to Flow-Induced Pulsations

One type of pulsation that still defies complete quantitative analysis or simulation is that
involving flow-induced pulsations. Such problems are typified by flow past an obstruction,
side branch or piping discontinuity which produces vortex shedding and which may be either
amplified or attenuated by the acoustic properties of the piping network and by interaction of
a centrifugal machine with the piping system. For example, the pressure pulsation caused by
variation in the flow at the blade passing frequency can be as high as 3-6 percent for some
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liquid centrifugal pumps.

Action of centrifugal machines in amplifying these relatively low level pulsations up to sig-
nificant and even destructive levels has been well documented in industrial plant systems, and
experimental work in the laboratory has served to define many of the phenomena involved.
Field data on a broad spectrum of centrifugal machines has shown strong pulsations at fre-
quencies which, typically, are not harmonically related to (and do not vary with) rotor speed.
Investigation has revealed that, in most cases, the problem is not caused simply by pump or
compressor characteristics, but instead is the result of dynamic interaction of the passive re-
sponse of the piping and pump characteristics. The action of the pump or compressor in causing
amplification or attenuation of this vortex energy is quite complex, but basically is dependent
upon:

1. The head curve slope and operating point.
2. System flow damping in the piping.

3. The existence of strong reactive resonances in the piping, particularly if they coincide
with vortex frequencies.

4. The location of the pump or compressor in the standing wave field (i.e., at a velocity
maximum rather than a pressure maximum).

Pulsations can build to extremely high levels and result in a variety of machine and pip-
ing problems such as destruction of machine internals, large torsional reactions, initiation of
cavitation, large force reactions at valves, bends, high noise, etc. Amplitude, of course, is flow
dependent and subject to coincidence of various resonances. Thus, pulsations may come and
go as conditions change. Detailed testing of the mode shapes of pulsation standing waves both
in the field and laboratory show that the resonances observed are characteristic of the normal
length resonances of the coupled piping components, and that the pulsation initiating source
normally involves flow vortex formation at piping discontinuities (junctions, obstructions, etc.).
When the frequency of this vortex formation excites one of the acoustic resonances of the piping
system, and when the compressor/pump is situated near a velocity maximum in this resonant
system, high amplitude, self-sustaining pulsations can result. Particular resonances can often
be destroyed by moving the compressor to a velocity minimum, but often a new pulsation fre-
quency will be generated such that the compressor is again situated near a velocity maximum
for this higher mode oscillation. With proper care and detailed analysis of the relative strength
of the various pulsation resonance modes of the piping, piping designs can be developed to avoid
these strong resonances. Further, by controlling piping stub lengths (e.g., in by-pass piping,
etc.) such that their quarter-wave stub resonances are far removed from the preferential vortex
frequencies, the basic generation mechanisms can be substantially suppressed.

Several case histories involving pulsation problems in centrifugal pumps and compressors
are discussed below.
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4. Case 1: Failure of Pump Internals

A four stage centrifugal pump suffered repeated failures of the splitter between the pump
stages. A detailed field study revealed that the cause of the problems was an acoustic resonance
of the long crossover which connected the second stage discharge with the third stage suction
(Figure 1.1). The resonant frequency was a half-wave acoustical resonance.

f=5 (4)

where
speed of sound, ft/sec
length, ft.

C
L

The speed of sound in water is a function of the temperature and at 310°F, the speed of
sound was 4770 ft /sec. The length of the crossover was 5.75 ft. The acoustical natural frequency
is

4770

o GoR 415 Hz (5)

f

The acoustical natural frequency was excited by the blade passage frequency (7 times run-
ning speed). Coincidence occurs at (415)(60)/7 = 3560 rpm.

Pulsations measured in the crossover showed pulsation amplitudes of of 100 psi p-p. These
pulsations were attenuated to the point that at the suction and discharge flanges, the amplitudes
were less than 10 psi p-p.

Since the severe vibrations occurred when the speed was 3560 rpm for a water temperature
of 310°F, several possible changes could be made to eliminate the possibility of coincidence
of resonances during normal pump operation. One possible change would be to reduce the
diameter of the impellers and operate the pump at a higher speed. Another possible change
would be to change to 6 or 8 blades to change the blade passage frequency.

The impeller diameter change was the quickest and was carried out in the field, and the
failures were eliminated when the excitation frequency did not coincide with the acoustical
natural frequency.

5. Case 2: Piping Vibration Excited by Blade Passing Frequency

Three single stage centrifugal pumps driven by a variable speed 1100 I[P turbine at 4800~
6000 rpm were used on a main oil line from an offshore platform. All of these pumps experienced
major problems with noise and piping vibrations. Fatigue failures were experienced on the small
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diameter pipework, valves, and instrumentation lines. All the pumps also experienced failures
of the seals which caused oil leaks. The noise levels were extremely high requiring both ear
plugs and muffs to work in the area.

Vibration measurements made on the discharge piping with a velocity transducer showed
that the amplitudes were in excess of 0.85 ips, with the major frequency component being at the
blade passage frequency which was 5 times running speed (5 blade impeller). The vibrations
were measured with an accelerometer and the speed of the pump was varied from 3600 to 6000
rpm (Figure 2.1). This data gives the vibrations every 2.25 seconds as the speed is increased.
The vibration data indicated that there were resonances at 360, 420 and 450 Hz, with maximum
amplitudes of approximately 30 g’s peak to peak.

The pulsations in the discharge piping of the pump were measured and are plotted versus
speed in Figure 2.2. It can be seen that the pulsation energy for exciting the piping vibrations
comes from the component at the blade passing frequency (BPF) at 5 times running speed.
The acoustical resonances occurred at 420 and 460 Hz and pulsation amplitudes of 150 psi peak
to peak were measured. The discharge pressure was 550 psig; therefore, the pulsations were
significant. The noise was measured and it can be seen that the highest energy was at the same
frequencies as the vibration (Figure 2.3).

To define the maximum amplitude of the pulsations, it is possible to track individual orders
of running speed with a computer-based data acquisition system. The acoustical resonances
can be clearly seen by tracking the blade passing frequency (fifth order) pulsation data for a
speed range of 4500 to 6000 rpm as shown in Figure 2.4. The maximum amplitude was 180 psi
peak to peak at 455 Hz. The amplification factor can be determined using the amplification
bandwidth method. (The amplification factor is equal to the natural frequency divided by the
bandwidth, where the bandwidth is defined as the width of the frequency at the 0.707 times the
maximum amplitude.) Using this method, the amplification factor was 45 for the pulsations at
415 Hz and was 35 for the 455 Hz resonance.

Since the piping vibration problems were caused by pulsation resonances, it was decided
to try an acoustical modification in the field to determine if the acoustical system could be
changed. An orifice plate was installed in the discharge flange of the pump and data obtained
without and with the orifice plate. As can be seen from Figure 2.5, the acoustical resistance of
the orifice plate reduced the pulsations from 480 psi at 375 Hz to 105 psi at 335 Hz. For the
pulsation resonance at 450 Hz, the amplitude was reduced from 140 to 50 psi. The orifice plate
worked better on the lower frequency mode since it was associated with the piping, whereas the
450 Hz mode appeared to be associated with the pump internals. Note that, at this operating
condition, the pressure pulsations were near 500 psi at the lower frequency resonance.

The orifice plate selected was approximately one-half the pipe diameter of 6 inches. This
0.5 ratio is a good starting point to make an acoustical change in a system. Unfortunately, the
orifice plate had a high pressure drop and could not be used as a permanent solution.

The interference diagram in Figure 2.6 illustrates the range of the acoustical natural fre-
quencies and the excitation energy at 5 times running speed. Another possible solution that is
evident to change the impeller from 5 blades to 7 blades. This would move the blade passing
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frequency out of the range of the acoustical natural frequencies for the operating speed range.
The impeller modification was selected since it would not require extensive piping modifications
and would only involve an impeller changeout. When the 7 blade impeller was installed, the
piping and pump vibrations were significantly reduced and the failures eliminated. The pump
vibration data after the impeller was changed are tabulated in Figure 2.7.

6. Case History 3

Several centrifugal pumps (Figures 3.1-3.2) had high noise levels and high vibrations. EDI
was asked to measure the vibrations, noise and pulsations to determine the cause of the excessive
noise and make recommendations to alleviate the problems.

The centrifugal pumps had a double-suction, 7 vane impeller as shown in Figure 3.3. Pump
1 ran at 4160 rpm and the speed of pump 2 varied from 3320 rpm to 4240 rpm. The pulsation
data taken in the suction and discharge piping is given in Figures 3.4 and 3.5. The noise level is
given in Figure 3.6. The discharge pulsations are given as a function of pump speed in Figure
3.7. The data indicated that the piping shell wall had mechanical natural frequencies in the
2 times blade passing frequency range which amplified the pulsation energy in this frequency
range and contributed to the high noise.

The data shows that the maximum pulsations, noise and vibrations occurred at the blade
passing frequency and its multiples. The maximum amplitudes were at the two times blade
passing frequency (14X). Over 300 psi p-p was measured at 4050 rpm at a frequency of 940 Hz.

Since the maximum energy was at multiples of the blade passing frequencies, one way to
reduce the energy is to minimize the interruption of flow as the vanes pass the cutwater. One
possible way this can be accomplished is by staggering the vanes on the impellers as shown in
Figure 3.7. Impellers with the vanes staggered about one-third were installed and tested in June
1992. These results are given in Figures 3.8-3.10. The data shows that the pressure pulsation
levels were reduced significantly and the noise levels were reduced by 5 dB, with nearly 20 dB
reduction of the energy at 2 times blade passing frequency (94 dB to 74 dB).

7. Case History 4

A Dehydration system operates with two systems in operation and one unit in regenera-
tion, Figures 4.1-4.3. The regeneration cycle was 400 minutes long, consisting of 20 minutes of
depressurization, 180 minutes of heating, 180 minutes of cooling and 20 minutes of depressur-
izing. During the heating cycle, the temperatures of the Regen gas to the cooler increases from
approximately 100°F to 530°F.

High vibrations of the valves and the actuators occurred during the regeneration process
and caused repeated fatigue failures of the instrumentation tubing, valve components, gages,
etc. Since the fluid is a hydrocarbon at approximately 500 °F, the situation was very dangerous.
The vibrations were at 20-30 Hz with no known excitation sources in this frequency range.

10
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The piping was modified by the user in an attempt to eliminate and/or reduce the severity
of the problem. The modification changed one section of the piping from 8” to 14”. The
modification did not work and further failures were experienced.

EDI was requested to investigate the problems and make recommendations to solve the
problem. EDI’s Don Smith and Phil Grazier performed a field test on May 1-7, 1992. As a
result of the testing and the analysis, it was found that the excessive vibration and noise levels
were primarily due to the low level pulsation in the Regen gas outlet piping and attached stub
piping. The maximum pulsation levels occurred during the heating cycle of unit C, Figure 4.4.
The pulsation levels were not considered to be excessive with regard to shaking forces.

The vibration levels measured on the major larger diameter piping (Figure 4.5) were con-
sidered to be satisfactory and should not result in fatigue failure. However, the vibration levels
measured on the valve instrument panels (Figure 4.6) were considered to be excessive and
resulted in fatigue of the instrumentation and attached tubing, and loosening of the bolts.

The pure tone pulsations between 25 and 30 Hz were due to the coincidence of the Strouhal
frequency of the vortices generated at the openings of the side branch piping to valves off the
Regen outlet piping and the acoustical natural frequency of these stubs (Figures 4.7-4.8). The
interesting phenomenon was that the Strouhal excitation frequency varied as the flow increased
with the increase in temperature. The change in the speed of sound as the temperature increased
also increased the quarter-wave stub frequency from the main pipe to the closed valve; however,
the slope of the change was slightly less as can be seen from Figure 4.9. When the Strouhal
excitation frequency matched the quarter-wave acoustical resonance of the side branch, the
coupling of the energy with the resonance caused the pulsations to build up and the coincidence
with the mechanical natural frequencies caused the excessive vibrations.

Data recorded by the user was reported to be unrepeatable. However, EDI’s data showed
repeatably at the same conditions; however, it was necessary to record the data over the entire
regen cycle to ensure that the conditions were the same.

The major factor in the high vibrations was that there were many mechanical natural
frequencies of the structure and the valve instrument panels which were near the pulsation
frequencies. The fairly low pulsation levels and shaking forces caused vibrations; however,
coincidence with the mechanical natural frequencies amplified the vibration levels to excessive
levels.

Since the pulsation levels were low, the recommended method of solution was to brace
the piping and instrumentation lines to increase the mechanical natural frequencies above the
Strouhal excitation frequencies and to absorb the energy. It would have been diflicult to atten-
uate the pulsation levels since it would have required major changes in the piping.

When these braces and supports were installed, the vibration levels were successfully attenu-
ated and the failures eliminated. The braces not only raised the mechanical natural frequencies,
but they also added damping.
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2. PULSATION INDUCED
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B. Reciprocating Pumps High Pressure Pulsations, /= "—%P— P = Number of Mechanical and/or Acoustic Cavitation on Suction
Low Frequency Pump Plungers Resonance of Piping Systems Piping Fatigue Failures
C. Centrifugal Low Pressurc Pulsations, /= %ﬁl‘ Complex Vibration Modes lligh Acoustic Energies {Noise)
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fi/sec Branch Connection Failures, Flange
D = Restriction Leakage
Diatneter, ft
B. Filow Past Stubs Moderaie Acoustic Energy  f = 52—; 5=02-05 Acoustic Resonance of Short Fatigue Failure of Stub Connection
Mid to High Frequencies D = Stub Diameter, fl.  Stubs to Main Run, Valve Chatter
4. LIQUID (OR MIXED PHASE) FLOW EXCITED
A. Flow Turbulence Due to Random Vibrations, Low f=0-2301H:z {Typically) Low Frequency Line Movements  Excessive Loads on Piping Supports
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s. PRESSURE SURGE/ Transient Shock Loading Discrete Events High Impact Loads to Piping [Excessive Piping/Structure Loads
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Rapid Pump Starts/Stops

Figure 2

Piping Vibration Excitation Sources.
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Figure 2.7

Pump Vibrations at Blade Passing
Frequency (7x) on Bearing Housing

Power Turbine Speed Direction Inboard Outboard

(Percentage) (in/sec)  (in/sec)
79 X .03 .02
Y — —
7 — —_
84 X .03 —
Y .04 —
Z — .02
88 X .06 —
Y .04 —
Z .02 .04
90 X 11 .01
Y .03 —
Z .02 .03
93 X 11 .02
Y .03 .03
Z .03 .09

Vibration at 1x and 2X at same speeds were also recorded and were .02-.04 with a maximum
reading of .08 in/sec.



Figure 3.1




Figure 3.2
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Figure 3.3



g 2ansL]

00s<

0sce

0SLt

oost

ZL1Y3H

gsel 0001

\J
Wd 0T 2661 ‘T2 NVl

L9602

ZH 00S2 - O
~ Q3LON
Wdd 08T¥
1Sd €9€1=0d
ISd 01L=5d

AIQ/ISd 02

VL 3SV3 39¥VHISIC

AIO/ISd Of

aNIT NOILINS

HISIQ ITONIS

NOILINS 378100
NITTJAI INVA L

¥H/788 0S89
g3LON
[ dnd

gooe

HEE
o]

292

0se

odyz | || B

K . N
b
ﬂ/
WJ\,&“&IQ.&.W.
W » — Vo e W
; | . .
M B I Viavam |
SpTTT TG ADGC, DS T D v - o
T o , |
RN i N g |
| B - 77 VA< I R
| |
? ARRERN |

SYX3L1 ‘OINOLNY NVS

Q3.LVHOJHOONI SOINVYNAQ ONIHIINIONA




g g 2In3]
0ose

gs2ge

gooe osLt

0ost

Wd 0T 2661 ‘12 NVr|
L9602

e

~ 7

Z1Y3H
gsel

0ogt

0sc 0

ZH 00S2 - O

WY 091¥
15d £9€1=0d

AL

“ETANTISTG

AN

1Sd 01Z=Sd

AI0/1Sd 02
dvl 3svJ 3J9UVHISIO

AIO/1ISd 01
INIT J94VHISIT

HJSIQ 3JTINIS
NOILInS 3718nod
YITTIJRT 3NVA L

CFNIT | AL

4H/788 0589
g3LON

| 2 ddnd

eag

SYX3L ‘OINOLNV NVS

d3LVYHOdHOONI SOINYNAQ ONIYIINIONG



SYX3IL “OINOLINY NVS - Q3LVI0JA0INI SOTWYNAQ ONTYIINIONI

9'¢ 2In31g

(ZHD Adsuanbau |

000S 00y 00o< 000c 000 0

2661-60-18 ®i°d
99:@S: €1 Wl

(314

wdJ @aly = paadg dung {—H-—H—11"1\ A | 1| U O [ I O A “‘;‘1\

/199 9689 = 210y Mold
61sd By} = Y2S!Pd
Bi1sd gg/ = 1°Nsd
1SUo1]tpuo] dwngd f

>4
c
=

Buisid BHY SaYdU!l 92 €
- ss?4d DOlJjIuoJeg Ag

ydw g @ N WOy PUlM |t b R I B - L Nl .
A3g 409 X2

upE = PIUNH °PISANQ
4 (§ = dwel °p!sSinQ 23
”LQLMOOB , | 08

(IS)) seboJsny v SHY
gP | 86
2 dwng pue | dwng X¢

CQOK#@@ OC_J SRR

it

90

XC

001

|6A61 pUhOS

ar



L'¢ o3y

ooot

juie]

WY 068 2661 22 NVI L o B |
ZH 0001 - O W 4 T W
m j-d AI0/ISd 002 M L W |
o 35V 2 dnnd ‘ ﬂ ANEAY j il
- W OZEE " s , W,, T w
- : : SR L] i
0L 091y WO¥4 033dS NI W T — -
~ SIIUVA 2 dHNd "W 091F , AR AR il
o ; A R |
gummm %¥6 INVISNOD LV| IBSEES & . 8 a8 8
quh<mumo I dnd | i
mm\Jmm 0589 = 3LVY Ko - = = % ,
U ’ vy [ Joa
© 91Sd E9ET = WSIPd /A REREN SRARR RN ax
- uHmm 0IL = 39nsd w — )/ , A
- 30VH9-A | R
T @NVA-L) WSAD LIX8 1 N o
THHEER

SYX3L ‘OINOLNV NVS

J31LVHOJHOONI SOINVYNAQ ONIH3INIONI

g2y gsay 0a6€ 0S.LE 0ase osvE DCEE
Wdd

0SEY

oosy



11

z::;‘;;“‘}fﬂﬁ1 ~
Esljiy %’2

Modified Impeller
Double Suction

1]

Double Discharge with staggered vanes
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6°¢ 2InsLy ZLy3H
00se 0Gee ojs]std 0SLt oSt gset 0ao1t [9]=74A 00s gse 4]

Hd OE '€ 2661 ‘81 aNnr| | BRI TN T~ AL |
el [EES EEERE RRENE D F S P I _
| smEte) e ,‘_nramxmu | ‘

ZH 0052 - O SRR ERREE ERNEE L

JNL 550 ansa | ik

|
|
|
. m , L |
WdY 062Y M w , A B | i IE o IR S
A
|
|

1Sd 8901=0d
1Sd 815=6d

AIO/ISd 02 BRI R B E
dvl 3SvJ 39¥VHISIO| || Sl el EE R B o e ! 1 I T )

|
sasa ot | TN T T N
ANIT NOILINS ﬂ e s | _ZOC.JDW S il IR e T o

HOSIO 3IIIVLS IR EREEY Y T | | < Trans ,
NOTLONS F8N0T | | - e e B DU R S
¥ITTIIRT INVA L SEER NN R o ¥ | |

wramoss|| ||
@on| | o
1 dind | | SRR BN

SvYX3Ll ‘OINOLNV NVS d31vYHOdHOONI SOINYNAQ ONIHIINIONS



Wd OF '€ 2661 ‘81 3INNC |

01°¢ 231y

0ose

ZL1¥3H

20212

ZH 0052 - O
"O3LON

WdY O62¥
ISd 8901=0d
1Sd 815=5d

AIO/ISd 02
dvL 3Sv3 J9UVHISIA

AIO/1Sd O1
INIT NOILINS

HISIO 03Y3TIVIS
NOILINS 378n0C
NATIIAHT INVA L
¥H/788 0095
Q3LON

2 dind

0s22 0002 0sLY 0ost os21 0SL 00s ose o
N : , w
|
| |
] | , |
| i w | ,
s | |
| _ ro w
" , | M
NE | - Y -
| |
i
| |
i :
" i W
% | |
M
J
I : i }
| | |
[ { i |
W_, i
L RS BN RN I . ‘ L ] ol
Y |
>_qv - I - - >w~‘ T - DR R - o _F -
“ ﬂ_ o g g
, ! 3 s ;

SYX31 ‘OINOLNV NVS

A3LVHOdHOODNI SOINVYNAQ ONIHIINIONT



11°¢ 231

000S

SYX3L 'OINOLNY N¥S - (3LVJ0dIOINI SOIWYNAQ INIYIINIONI

000V

000t

(ZH) Adusnbau g

000<

0001

2661-81-90 ®1°d
b9 85 ¢l ®wil

suoydoJo iy adA| Josusg

uot3d1 uos3(]

I 341YooH

8 ON "1d SP°HW

L

0c

oy

| BADT] punog

Apno | A| 31404
34 81 9E = ssedd ©Jog

M

A

ydw /-g G woJp PUIM
% BE = AJ!PIWNH
468 =1

INT 2pPb A

%§

X¢

A

aP>

09

wda pggy - ¢ dund
wda gigy - | dund
61sd pez| =Pd

Bisd g/9 = S84
447199 99vS - Meld
1) gdung 3°

08

29 § €6 - 1dS

001



Figure 4.1

Dehydration System
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Figure 4.2

Typical Tubing Fatigue Failure
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Figure 4.3

Instrumentation Setup in Portable Building
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Figure 4.7

Piping Stubs Between Regen Gas Qutlet Piping
and Valves 07103A, 07103B, and 07103C
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Figure 4.9

Comparison of Strouhal Excitation Freq.
and Acoustic Natural Frequencies
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