Acoustical analyses solve vibration, failures in
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Vibration and failure problems with
the piping and reciprocating pump
internals of an Ecopetrol oil-pipeline
pump station in Colombia were
solved with acoustical analyses of the
suction and discharge systems by a
digital computer program.

The program was further used to
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Ecopetrol’s Dina pump station, Colombia (Fig. 1).

redesign the piping systems to reduce
high pulsation, shown to have been
the source of cavitation in the suction
system at nearly all operation condi-
tions.

An all-tiquid filter was specified in
the redesign of the piping modifica-
tions, completely eliminating piping
failures. The pumps have continually
delivered 40,000 b/d since that time

with only normal maintenance prob-
lems.

Colombian site. Problems occurred
with four triplex reciprocating crude-
oil pumps operating in parallel at the
Dina pumping station, Colombia (Fig.
1). The pumps had a rated speed of
275 rpm with a capacity of 388 gpm.
The nominal suction pressure was 60
psig, and the discharge pressure was

Cavitation on the suction stroke
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Fig. 5

Onset of cavitation in suction pressure

230 ash HMA. AMAA . AML L aM A
g g ol wvvllvwv'vvvvv vV

'
[}
<

‘A. I‘A‘L Y I e

VVWV" bt it

recip pumps

1,800 psig.

The Delrin pump valves had repeat-
ed fatigue failures beginning 3 months
after startup. The discharge valve
disks were replaced with steel, and
the Delrin disks used on the suction
valves were replaced every 90 days to
avoid fatigue failures.

Valve failures were controlled after
the first 9 months of station operation.
For the first 4 months, there were no
pull-rod failures; however, there were
18 failures in the following 18
months.

Many of these failures required re-
placement of the crosshead, the guide
ways, and on two occasions a broken
or bent connecting rod. The suction
and discharge piping systems vibrated
excessively, resulting in numerous
piping fatigue failures. Attempts to
control the piping vibrations with pipe
clamps and additional supports were
unsuccessful. 3

The four pumps had a common : b T
suction header supplied by a charge :
pump which was capable of supply-
ing pressures up to 90 psi. The dis-
charge of the four pumps fed into a
common header which connected to
the main pipeline. The original piping
design included bladder-type accu-
mulators on both the suction and dis-
charge. \

It was difficult to keep the pumps
running smoothly because constant
maintenance was needed to keep the fig. 6
accumulator bladder pressures
charged to approximately 60 to 70%
of line pressure. The static discharge
could change from 1,600 psig to less
than 700 psig in a few minutes if the
down-line booster stations started up.
When this happened, the accumulator
was ineffective.

The cost of the parts and labor
attributable to this problem exceeded
$1 million. The operator, the piping
designer, and the pump manufacturer

No cavitation present
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began a study to determine the cause PLGR #1—Pump 2

or causes of the vibrations and fail- aprdad e

ures. The complex relationship of the <]

system variables, however, made it PLGR #1—Pump 3
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Piping changes. Several changes
were made in the piping system in an
attempt to improve the vibrations and
reduce the failures. These modifica-
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tions included changing the piping (at
the recommendation of the accumula-
tor vendor) so that the flow would be
directed at the bladder. This piping
maodification did not improve the pul-
sation characteristics of the system.
Another modification which was
tried on the suction side of Pumps 1
and 3 was replacement of the bladder-
type accumulators with nitrogen-
charged, flow-through accumulators.

But no noticeable improvements were
observed.

The severity of the problems
brought into question the basic design
of the system, since the suction and
discharge lead lines from the headers
to the pump manifold were shorter
than normal for most pipeline sta-
tions. The pumps were located 16 ft
apart with the suction and discharge
headers located 10-12 ft away from

the pump flanges.

The station capacity was 39,900
b/d when 3 of the 4 pumps were
operating at their rated capacity of
388 gpm. This results in a fluid veloci-
ty of 3.3 fps in the 12-in. schedule-40
suction manifold and 6.9 fps in the
10-in. schedule-XS discharge mani-
fold. The flow velocities in the indi-
vidual pump piping were 1.1 fps in
the 12-in. standard-weight suction

Fig. 9

Discharge pulsations*

Manifold

Discharge flange, lateral line pulsations*

Fig. 10

Line side of filter

30 psi peak to peak
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All-liquid filter installed at the pump flange (Fig. 10).

pipe and 2.7 fps in the 8-in., extra-
heavy discharge pipe.

Field im)estigation

Engineering Dynamics Inc. (ED))
was requested to investigate and make
recommendations to alleviate the
problems. The investigation included
two phases.

The first was to model the acousti-
cal characteristics of the suction and
discharge piping systems with digital
simulation. The second phase was a
detailed field investigation to evaluate
the pulsation and vibration character-
istics of the pumps.

Solutions were then developed to
eliminate the problems and installed
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in January 1985. A follow-up field
study was made in March 1985 to
determine if the modifications were
adequate for long-term reliability.
Procedures. Piezoelectric pressure
transducers and accelerometers were
used to measure the pressure pulsa-
tions and the vibrations. A sketch of
the pump suction and discharge pip-

ing illustrating some of the pressure.

test points is shown in Fig. 2.

The pulsation and vibration signals
were analyzed for frequency content
with a two-channel Hewlett-Packard
3582A FFT analyzer and documented
on an HP 7470A digital plotter. The
analyzer and instruments were con-
trolled by an Apple Il + microcomput-

er using EDI software to analyze the
vibration and pulsation data.

Cavitation. The initial vibration sur-
veys revealed high vibration ampli-
tudes on the suction piping, indicating
large excitation forces present in the
piping systems. Analysis of the pres-
sure pulsation waveforms revealed se-
vere cavitation in the suction piping
system.

For liquid reciprocating pumps, the
static pressure in the suction system
must be adequate to compensate for
frictional pressure-drop losses, the re-
quired acceleration head, and the pul-
sations present in the system. This
capacity ensures that the pressure re-
mains above the vapor pressure. The
vapor pressure of the oil was less than
2 psia.

When pulsations exist in a system,
they will consist of a positive peak of
pressure which wili be added to the
static pressure and a negative peak
which will be subtracted from the
static pressure.

If the negative peak of the pulsa-
tion, when subtracted from the static
pressure, reaches the vapor pressure,
the fluid will cavitate, resulting in
high-pressure spikes as the liquid va-
porizes and then collapses as the pres-
sure increases above the vapor pres-
sure.

To iilustrate the formation of cavita-
tion, Fig. 3 presents the plunger pres-
sure-time wave which shows that cav-
itation occurs on the suction stroke.
Note than when the cavitation portion
of the waveform is expanded, the
pressure spikes are approximately 800
psi with a time period of approximate-
ly 0.00025 sec.

The presence of cavitation can usu-
atly be abserved an the complex wave
because pulsations, generally sine-
shaped waves, will “square-off” at the
trough of the waves when the vapor
pressure is reached.

The effect of the static pressure on
the cavitation was investigated by an
elevation of the suction pressure to the
maximum possible (90 psig). The in-
crease in suction pressure alone was
not sufficient to eliminate the cavita-
tion. Severe pulsations were found
with levels in excess of 200 psi peak-
to-peak.

At a suction pressure of 76.5 psia,
pulsations of approximately 75 psi
zero-peak are required to cause cavi-
tation. This value is the difference
between the negative pulsation peak
and the static pressure. Since pulsa-
tions greater than 75 psi were always
present at the higher speeds, cavita-
tion always occurred. ~

The presence of cavitation makes it
difficult to evaluate the influence of
variables, such as the effect of other
units, speeds, and the accumulator



design. A reduction of the pressure
pulsations was necessary in order to
obtain meaningful test data on the
units.

Acoustical resonances. The major
suction pulsation components oc-
curred at acoustical resonances at fre-
quencies between 110 and 150 hz
with pulsation amplitudes of approxi-
mately 100-150 psi peak-to-peak (p-
p), which, when combined with the
pulsation at the lower pump harmon-
ics, caused the overall static pressure
to drop below the vapor pressure.

Acoustical resonances amplified the
pulsations whenever one of the har-
monics of the pump speed passed
through the resonant frequency. The
acoustical resonance near 130 hz was
associated with the 9-ft length of the
suction manifold, the accumulator,
and the pump internal passage vol-
umes.

When an acoustical resonance is
encountered in a system, the pressure
pulsations can be reduced by elimina-
tion of the resonance or by attenua-
tion of the amplitudes through the
addition of a resistive element, such
as an orifice.

Therefore, an orifice plate was in-
stalled at the suction flange in an
attempt to attenuate the pulsation am-
plitudes and reduce or eliminate the
cavitation. A diameter ratio (orifice
diameter-to-inside diameter of pipe) of
approximately 0.4 was used.

When the orifice plate was in-
stalled, the pulsations were reduced,
not sufficiently, however, to eliminate
completely the cavitation.

Interaction. All the other pumps
were shut down and Pump 1 was run
to determine if the cavitation was
caused by interaction with the other
pumps or was a function of the indi-
vidual piping design.

These tests indicated that the pulsa-
tions were primarily caused by the
individual pumps and that the major
factor was the acoustical resonances
near 130 hz. This test also gave evi-
dence that the location of the pump in
the piping system was not a major
factor in the cavitation.

This latter conclusion was verified
by the fact that cavitation occurred on
Units 1 and 3 at the exact same speed
under the same operating conditions.
Units 1 and 3 were separated by 32 ft
with Unit 2 midway between them. If
the location of the pump in the header
were a prime factor, there would have
been different pulsation and cavitation
characteristics.

To investigate further the interaction
of the other pumps, tests were made
with Pump 1 on the verge of cavita-
tion and the adjacent Unit 2 was
swept through the entire speed range
to determine if it affected the speed at
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which cavitation occurred. This test
showed that the adjacent unit did not
significantly influence the cavitation.

In an attempt to determine whether
the acoustical resonance was associat-
ed with a piping length from the other
units, the suction block valve was
pinched momentarily to see if a pres-
sure drop taken on the upstream side
of the accumulator would affect the
resonances in the 130 hz range. The
pressure drop of approximately 10 psi
in the block valve did not have a
significant effect.

After the orifice plate was installed
and the nitrogen-charged accumulator
bottle on the suction system had the
maximum gas charge, the cavitation
was eliminated over much of the
speed range, making possible study of
the effect of varying system para-
meters.

The normal procedure for the test-
ing involved establishing a set of
steady-state conditions (such as suc-
tion pressure, gas volume in the bot-
tle, or charge pressure in the bladder
accumulator, speeds on the other
pumps, etc.) then changing the pump
speed from 190 rpm to 290 rpm.

During the speed run, the pulsa-
tions at several locations in the suc-
tion and discharge piping were tape
recorded. The resulting data presenta-
tion for the speed variation is given in
Fig. 4, showing pulsation pressures in
the suction manifold of Pump 3 over
the speed range.

The data show that the primary
cause of the cavitation was the high-
fevel pulsations at the acoustical natu-
ral frequencies in the system near 130
and 140 hz which were excited by the
21st through the 30th harmonics of
pump speed.

Speed effects. The effect of speed
on cavitation at the suction valves can
be seen in Fig. 5 which gives the
complex pressure waves for speeds
from 220 to 270 rpm for a suction
pressure of 60 psig. Pulsations gener-
ally increase with speed unless there
are acoustical resonances.

As shown, when the speed in-
creased to more than 250 rpm, the
pulsations increased to the point that
the negative pressure pulsation ampli-
tude was near the vapor pressure and
the wave became flattened on the
trough.

As the speed was further increased,
the cavitation became more severe.

Static-pressure effects. When the
static suction pressure was increased
to 90 psig, the pulsation amplitudes
were reduced and the unit could be
run at 280 rpm without cavitation
{Fig. 5). The higher suction pressure
seemed to inhibit the amplitude of the
pulsations.

The results of these tests indicated

that the cavitation could be reduced
by increasing the suction pressure to
the maximum possible, installing an
orifice plate to reduce the pulsation
amplitudes, and ensuring that the ac-
cumulator was properly charged.

The effectiveness of the gas-
charged, flow-through accumulator
was strongly influenced by the vol-
ume of the nitrogen gas in the accu-
mulator bottle. The increased gas-
charge volume eliminated pulsation
components of 46 psi at 12 hz and 22
psi at 65 hz.

Discharge piping. The measured
field data showed high amplitude pul-
sations in the discharge piping with
levels exceeding 1,000 psi peak-to-
peak in some tests (Fig. 3).

An investigation was made to deter-
mine if the discharge pulsations were
affected by the cavitation on the suc-
tion side. The complex pressure
waves at the suction and discharge
valves were captured simultaneously
during the time that severe cavitation
was present and showed that the dis-
charge side was isolated from the
suction side.

Although the pulsation amplitudes
were very high, they were not caused
by the cavitation on the suction. The
pulsations were a function of the ener-
gy output from the plungers and were
strongly influenced by the valve ring-
ing and the acoustical resonances as
dictated by the acoustical properties
of the bladder-type accumulator and
the piping system.

Whenever the station discharge
pressure dropped below the charge
pressure in the bladder of the dis-
charge accumulator, a noticeable in-
crease in the pulsations occurred.

The pressure pulsations of 100-200
psi peak-to-peak measured in the dis-
charge lateral caused shaking forces
of 4,500 to 9,000 |b at the bends in
the discharge piping. Forces this large
are difficult to control with normal
pipe clamps and support. These forces
caused excessive vibration resulting in
repeated fatigue failures.

Acoustic simulation

The rapid advances of digital com-
puters have made it more practical to
analyze digitally the acoustical char-
acteristics (pulsations) of piping sys-
tems.

A comprehensive computer pro-
gram has been written by EDI to pre-
dict pulsation levels for piping systems
with liquid pumps or gas compres-
sors. The program can be used to
design pulsation filters or to evaluate
the effectiveness of systems with lig-
uid/gas accumulators.

The program is based on basic flu-
id-dynamics relationships (the equa-
tion of motion, the continuity equa-



tion, and the thermodynamic equa-
tion of state), from which the plane-
wave equation is developed.

This one-dimensional flow assump-
tion adequately simulates the motion
of pressure disturbances and the
acoustic response of typical piping
systems found in most industrial
plants. The effects of flow on damping
and of pipe wall flexibility on the
speed of sound are included in the
analysis.

The program is written in a general
manner so that any piping network
can be simulated by combinations of
distributed or lumped elements and
any number of flow excitation points
may be specified. Terminating bound-
ary conditions of flow, pressure im-
pedance, or non-reflective impedance
can all be specified.

in liquid pump systems, the flow
wave generated by the plunger is the
source of pulsation. The flow rate is a
function of piston velocity and the
valve behavior.

The computer program generates
the plunger combined flow-time
wave, and the acoustical response of
the piping system to the harmonic
content is then computed over the
specified speed range.

Suction piping modeled. The
acoustic response of the piping system
was simulated digitally. The suction
system was modeled as shown in the
piping geometry (Fig. 6.) Note that all
four pumps can be simulated in the
analysis.

The results of the computer analysis
of the original suction piping system
with the gas-charged filter are given in
Fig.-7. Pulsation at any selected loca-
tion in the piping system can be pre-
dicted and presented. The predicted
pulsations at each harmonic of pump
speed from minimum to maximum
speed are calculated and plotted. The
harmonic numbers are indicated adja-
cent to the appropriate curve.

The interaction of the individual
harmonics with the acoustic resonant
frequencies at 130 and 140 hz can be
seen. These data can be compared to
the measured pulsations given in Fig.
4. Generally, there was good agree-
ment with the acoustical resonances
at 130 and 140 hz; but the calculated
amplitudes were lower.

it must be remembered in the as-
sessment of the field data that cavita-
tion was still occurring on the suction
side and the amplitudes measured
would be expected to be higher than
calculated for the steady-state operat-
ing conditions. Note that the lower
order harmonics, 3X, 6X, 9X, 12X,
etc., are close to the calculated val-
ues.

While investigators were in the
field, an orifice plate was installed in

the suction flange and was successful
in reducing the pulsations and cavita-
tion. This modification agreed with
the computer analysis which showed
a reduction in responses.

The acoustical analyses showed
that if the installed gas-charged, flow-
through liquid accumulator were lo-
cated 2 ft closer to the pump flange,
pulsation levels inside the suction
manifold would be lower. Therefore,
all four pumps were modified to in-
clude the flow-through, gas-charged
accumulator on the suction piping,
mounted as closely as possible to the
suction flange.

Discharge piping analyses. The pul-
sation characteristics of the discharge
piping system were analyzed and in-
dicated that the bladder-type accumu-
lator was not effective for some of the
station operating conditions.

For example, the discharge pressure
would sometimes fall to 700 psi from
the normal 1,600 psig.

When this happens, the bladder
becomes fully expanded, blocking off
the entrance of the accumulator and
voiding the beneficial effects of the
gas volume.

Also, the high-level pulsations
caused bladder failures which then
eliminated the gas cushion on the
back side of the bladder, making the
accumulator ineffective.

Fig. 9 compares the predicted pul-
sation for the normal conditions and
the case with low discharge pressure.
It can be seen that the pulsation am-
plitudes at the lower harmonics signif-
icantly increased when the discharge
pressure reduced and the accumulator
entrance was blocked.

An all-liquid, low-pass, acoustic fil-
ter was designed for the discharge
system which significantly lowered
the pulsation levels (Fig. 8). An all-
liquid pulsation filter system consists
of volume-choke-volume or a vol-
ume-choke-piping arrangement
which is specially designed to attenu-
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ate the pulsations above specified fre-
quencies (Fig. 9).

An all-liquid filter design has the
advantage that it need not depend
upon a gas charge to operate effec-
tively.

The specially designed all-liquid fil-
ter was installed on the discharge
piping as shown in Fig. 11. The dis-
charge filter was designed so that it
could be flanged between the pump
manifold flange and the discharge
piping valves.

The discharge filter used a bottle
that was 8-ft long with an inside diam-
eter of 31.5 in. and an 8-ft long, 2-in.
choke tube. The choke tube was
placed inside the bottle due to space
limitations. The pressure relief and
bypass valves were incorporated into
the discharge bottle design.

Follow-up. After all the modifica-
tions were installed, the plant person-
nel reported that significant reductions
in the piping vibration and overall
noise were obvious.

A follow-up field study was made in
March 1985 to document the pulsa-
tions and vibrations. For the suction
system, the suction pressure was in-
creased to 145 psia by a new booster
pump in order to reduce the cavita-
tion.

Significant reduction in the pulsa-
tions transmitted through the gas-
charged accumulator was measured.

As long as the suction pressure was
maintained at more than 100 psi, the
cavitation was minimal. Vibrations on
the suction piping were less than 5
mils peak-to-peak overall.

On the discharge side, the all-liquid
filter was very effective in attenuating
the pulsations transmitted to the dis-
charge piping and was not sensitive to
speed or pressure. Fig. 10 gives the
discharge flange pulsations and the
lateral line pulsations for the highest
speed and pressure.

The attenuation of the complex
wave, peak-to-peak pulsations across
the all-liquid filter was greater than
10:1 over the full range of pressure
and speeds. Vibration levels measured
on the discharge system were less
than 10 mils peak-to-peak throughout
the speed range. Pulsations were still
relatively high in the pump plungers
and discharge manifold, primarily due
to the all-liquid filter. This mode can
be attenuated by the use of an orifice
at the discharge flange.

The pump manufacturer’s maxi-
mum allowable rod load was 30,000
Ib, which occurred at a discharge
pressure of 1,900 psia. The pulsations
caused the peak rod load to exceed
44,000 Ib and was one of the causes
of the power end failures. The maxi-
mum peak rod load after the filter
madification was 34,500 Ib and was
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considered to be a safe value by the
manufacturer.

Since the installation of the all-
liquid filter and the suction modifica-
tions in January 1985, the pumps have
delivered 40,000 b/d with only one
significant failure. The piping failures
have been completely eliminated due
to the elimination of the large shaking
forces in the piping.

Conclusions

The results of the field tests and the
acoustical analyses led to these con-
clusions:

1. Suction pulsations that cause the
instantaneous pressure level to drop
below fluid vapor pressures result in
cavitation. Cavitation can contribute
to failure of pump parts such as
valves, crossheads, rods, etc.

Severe cavitation can cause high
piping vibrations and failures, includ-
ing vents, drains, and gauge lines. The
forces can be so high that normal pipe
clamps and supports may be ineffec-
tive in controlling the vibrations,

2. Testing revealed that an in-
creased static suction-pressure level
lowered the level of the pulsations in
the pump manifold and reduced the
cavitation. The testing also showed
that the pulsation levels increased
with speed.

3. Pulsations generated by the flow
modulation from the pump plungers
were amplified by the acoustical reso-
nances of the piping system.

One of the major acoustical reso-
nances measured was caused by reso-
nances associated with the pump-
manifold internals and the accumula-
tor. This occurred on both the suction
and discharge manifold systems.

The frequencies and amplitudes at
these resonances were a strong func-
tion of the type and effectiveness of
the accumulator.

4. The piping failures in the dis-
charge piping were caused by large
shaking forces which were caused by
high pulsation levels.

5. The failure of the pump compo-
nents was caused by the high pulsa-
tions in the pump discharge manifold
and by the cavitation in the suction
system.

6. When the design recommenda-
tions for this case were installed, the
excessive pulsations were reduced
and piping vibration and failures were
eliminated.

7. The field testing showed that the
pulsations generated for this system
were primarily a function of the indi-
vidual suction and discharge piping
and the basic pump design and not
strongly influenced by the intercon-
necting piping with the other units.
Other systems tested have shown that
the pulsation can be influenced by the
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piping from other pumps and the loca-
tion of the pumps in the system.

8. Many vibration and failure prob-
lems in reciprocating pumps in oil
pipelines or other applications are
caused by system-related acoustical
resonances which cause high-level
pulsations in the suction and dis-
charge piping. Proper filter design can
eliminate system-related acoustic
problems where the piping design and
pumps are not at fault, only the inter-
action between the two.

This case is an excellent sample of
this phenomenon because the pump
and piping remained the same; only
new or improved accumulators or fil-
ters were inserted between the two.

9. Pulsations in pump/piping sys-
tems are a function of the piston
plunger velocity and the interaction of
the flow modulations with the system
acoustics and  the valve dynamics.
These valve dynamics’ effects can be
simulated by including the valve and

spring equations with the acoustical
equations in a time-domain iteration
analysis.

10. The acoustical characteristics of
pump and compressor piping systems
can be analyzed with a digital simula-
tion procedure which considers the
fluid acoustic -properties, the pump
internals, and piping geometry. Multi-
ple pumps can be simulated so that
interaction between pumps can be
studied. Design changes which will
reduce pulsation levels can be deter-
mined.

11. All-liquid filters utilizing a vol-
ume-and-choke tube can be designed
to reduce pulsations to acceptable
fevels, thus reducing piping vibration
and failure. All-liquid filters need to
be designed specifically for each in-
stallation to prevent acoustic interac-
tion with the entire piping system and
to prevent excessive pulsations in the
plungers and pump manifolds.

12. All-liquid filters are not sensi-
tive to large changes in pump speed,

“pressure, or flow and should be con-

sidered whenever large variations in
such parameters are expected. Practi-
cally no maintenance is required,
which can result in economic bene-
fits, if labor maintenance costs are
considered.

13. Piping bends in the suction and
discharge piping should be reduced
since they serve as coupling points for
the shaking forces from pulsations.
Piping should be clamped and sup-
ported rigidly near each bend since
the system can have very high pulsa-
tions and shaking forces.

The natural frequencies of the indi-
vidual spans should be as high as
practical, which can be achieved by
short spans between supports. U-bolt
types of clamps are usually not effec-
tive; saddle clamps provide better vi-
bration control.

14. Acoustical pulsation simulation
of the pump and piping system should
be performed in the design phase to
develop pump and piping systems that
will not experience excessive vibra-
tion, piping failures, or pump compo-
nent failures.
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