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The mod common operational and reliability problemsin reciprocating positive displacement
pump sysems are characterized by

* Low net positivesuction head( NP, pulsations, pressuresurge, cavitation, waterhammer
Vibraionsd pump or piping
¢ Meathanicd failures, wear, erosion, alignment
s High horsepower requirements, high motor current, torsond oscillations
¢ Temperaure extremes, thermal cycling —
® Hash liquids corrosive, caustic, colloidal suspensions, precipitates (durries)

While any component in a pump system nay be defective, most operational problemsare
auwsed by liquid transient interaction o the piping sysem and pump sysem or by purely
mechanical interaction o the pump, drive system, foundation, etc. This section discusses
bydraulic and mechanical problems and suggests measurement and diagnostic procedures for
determining the sourcesd these problems.
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HYDRAULIC AND MECHANICAL BUMP PROBLEMS

atmospheric head minus lift loss frictional loss vapor pressure, and acceleration head avalable
at the suction connection centerline.

Acceleration head can be the highest factor & NPSHA. In some casesit is 10 times the total
o al the other losses Data from both the pump and the suction system are required to determine
acceleration head; its value cannot be calculated until these data have been established. Inade
quate NPSH can cause cavitation, the rapid collapse d vapor bubbles, which can result in a vari-
ety of pump problems, including noise, vibration, loss of head and capacity, and severe eodon
o the valves and surfaces in the adjacent inlet areas. To avoid cavitation o liquid in the pump
or piping, the absolute liquid static pressure at pumping temperatures must always exceed the
vapor pressured the liquid. The pressureat the pump suction should include sufficient margin
todlow for the presenced pulsationsas well as pressure lossesdue to flow.

Positive Displacement Pump Pulsations The intermittent flow of a liquid through
pump internal valves generates liquid pulsations at integral multiples d the pump operating
speed. For example, a 120-rpm triplex pump generates pulsationsat all multiplesd pump sesd
(2Hz, 4 Hz, etc.); however, the most significant components will usualy be multiplesd the num-
ber of plungers(6 Hz, 12 Hz, 18 Hz, etc.). Resultant pulsation pressuresin the piping sysem ae
determined by theinteraction of the generated pulsation spectrum from the pumpand theaoous
tic length resonances of liquid in the piping. For variable-speed units, the discrete frequency
components change in frequency as a function of operating speed and the measured amplitude
o any pulsation harmonic can vary substantially with changesin the location d the measurement
point relative to the pressure nodesand antinodes o the standing wave pattern.

Piping System Pulsation Response Since acoustic liquid resonances occur in piping
systemsd finite length, these resonances will selectively amplify some pulsation frequenciesad
attenuate others. Resonancesd individual piping segments can be described from organ pipe
acoustic theory. The resonant frequencies d standing pressure waves depend upon the vdodty
of sound in the liquid being pumped, pipe length, and end conditions. The equations for cacu
lating these frequencies are shown in Fig. 1. All o the integral multiples(N) of a resonancecn
occur, and it isdesirable to mismatch the excitation frequencies from any acoustical resonances.
A 2:1 diameter increase or greater would represent an open end for the smaller pipe. Closed
valves, pumps, or a 2:1 diameter reduction represent closed ends. For example, a 2-in (51-mm)
diameter pipe which connects radially into two 8-in (203-rnm) diameter volumeswould repond
acoustically asan open-end pipe.

Complex piping system responsesdepend upon the termination impedances and interaction
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FIG.1 Organ pipe resonant mode shapes.
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FIG.2 Vedocity of sound in water at 14.61b/in? (1 bar), 60°F (15.6°C) ver susnom-
inal pipesize with 0.25-in (6.35-mm)wall thickness.

of amudtical resonances and cannot be handled with simplified equations. An electoacoustic
analog' or digital computer can be used for the more complex systems.

Velocity of Sound In Liquid Piping Systems The acoustic velocity d liquidscan be

determined by the following equation:
K, e
- C'% ar. (W
where a = velocity of sound, ft/s (m/s)

C, = 8.615 for USCS units, 1. Ofor Sl units
K, = isentropic bulk modulus, Ib/in? (kPa)

sp. gr. = Specific gravity

In liquid piping systems, the acoustic velocity can be significantly affected by pipe wall flex-
ihility. The acoustic velocity can be adjusted by the following equation:

DK,
Budjwicd = 1 +—
v D

(2)

where D = pipediameter, in (mm)
¢t = pipewadl thickness,in (mm)
E = elastic moduluscf pipe material, Ib/in? (kPa)

Pipe wal radial compliance can reduce the velocity d sound in liquid in a pipe asshown in
Ag 2

The bulk modulus of water can be calculated with the following equatlon for temperatures
from 0 to 212°F (0 to 100°C) and pressuresfrom 0 to44 X 10* [b/in? (0 to 3 kbar®):

K, = K, T 3.4P 3)
where K, = isentropic bulk modulus, kbar
K, = constant from Table 1, kbar

P = pressure, kbar
(I kbar = 10° kPa = 14, 7001b/in?)

*I har = 10° Pa. For adiscussion of bar, see ST Units— A Commentary in the front matter.
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TABLE 1 Constant K, for Evaluation of
Isentropic Bulk Modulusd Water from 0 to3

kbar
K, = K() + 3.4P

Temperature. | sentropic constant

u
0 (32) 19.7
10 (50) 21.0
20 (68) 2.0
R 30 (86) 2.7
40(104) 23.2
50(122) 23.5
60( 140) 257
70(158) 237
80(176) 235
90(194) 233
100 (212) 29

¢] kbar = 14,700 1bfin>.
sotrcE:  Ref.3.

Thecalculation of theisentropic bulk modulusdf water isaccurate to £0.5% at 68°F (20°C) and
lower pressures.” At elevated pressures (greater than 3 kbar) and temperatures (greater then
100°C), the error should not exceed *3%.

Thebulk modulusfor petroleum ails (hydraulic fluids)can beobtained at varioustemperatures
and pressures by using Figs. 3 and 4, which were devel oped by the American Petroleum Indtitute
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FIG. 3 Isothermal secant bulk modulusat 20,000 Ib/in€ gage for

petroleum dils. (1 Ib/in* = 6.895kPa; °C = (°F —~ 32)/1.8)
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FIG. 4 Presure correction for isothermal secant bulk modulus for
petroleum oils. (1lb/in? = 6.895kPa)

(API).*~7 Figure 3 relatesdensity (massper unit volume)and temperature to the isothermal secant
bulk modulus at 20,000 Ib/in? (137,900 kPa), and Fig. 4 correctsfor various pressures.

The isentropic tangent bulk modulusis needed to calculate the speed of sound in hydraulic
fluids and can be readily obtained from Figs. 3and 4 asfollows

. Read the isothermal secant bulk modulusat the desired temperature from Fig. 3

2. Udng the value for isothermal secant bulk modulus obtained from Fig. 3, go to Fig. 4 and
locate the intersection o the pressureline with that value. Move vertically to the pressureline
representing twice the normal pressure. Read the adjusted isothermal secant bulk modulusfor
the double valuedf pressure.

3 Multiply the adjusted isothermal secant bulk modulus by 1.15 to obtain the value of the isen-
tropic tangent bulk modulus (compensationfor the ratio o specific heats).

Theisothermal tangent bulk modul us has been shown to be approximately equal to the secant
bulk modulusat twige the pressure® within + 1%. The relationship between isothermal bulk mod-

UwsK, and isentropic bulk modulusK; is
K, = K, c,/c, @)
The vdlue d ¢,/c, for most hydraulic fluidsis approximately 1.15.

PULSATION CONTROL

Rusttion control can be achieved by judiciousused acousticfiltersand side branch accumulators.
Aaodic filters are liquid-filled devices consisting of volumesand chokes which use reactive fil-




3.112 DISPLACEMENT PUMPS

My Mz, L2
Ly Ls

L]
—

forj«1, 2 3

[ fi 2
U, ¥y Uy ¥ Hy Y u K, ¥ &y
iat,. Jijatiy VsTBy .. JATR _WTH 2

*

= 'EFV IV, v, V Y | %

FOR EQUAL VOLUMES, THE RESONANT FREOUENCY IS APPROXIMATELY:
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HG 5 Two-chamber resonator system with both ends open. V = volume, ft3
(m3);f = resonant frequency. Hz; L = choketube length, ft (m); A = choke tube
area, ft2 (m2); a = acoustic velocity, ft/s (m/s);, @ = acoustic parameter.

tering techniques to attenuate pulsations. Side branch resonatorsare o two types: quarter-wave.
length resonant stubs and gas-charged accumulators. (The terms accumul ators, dampeners, axd
dampersare usad interchangeably in the liquid filter industry.)

Acoustie Filters An acousticfilter consisting of two volumesconnected by a small-diameter
choke can significantly reduce the transmissond pulsationsfrom the pump into the suction ad
discharge piping systems. The equations given in Fig. 5 can be used to calculate the resonant
frequency for a simple volume-choke-volumefilter. The filter should be designed to have a res
onant frequency no more than one-half the lowest frequency desired to be reduced, referred
asthecutoff frequency. Such afilter iscalled alow-passfilter sinceit attenuatesfregquenciesabove
the cutoff frequency.

A special case for symmetric liquid-filled filters can be obtained by choosing equal chamber
and choke lengths. This reduces the equation in Fig. 5to

ad
£l *V2LD

+{5)

whered = choke diameter, in (mm)
L = chamber and choke length, ft (m)
D = chamber diameter, in (mm)

Normally, a good filter design will have a resonant frequency less than one-half the plunger
frequency and will have a minimal pressuredrop. For example, a triplex pump running at 600
rpm generates pulsationsat al multiplesd 10 Hz. The largest amplitudeswould normaly be at
30 Hz, 60 Hz, 90 Hz, etc. Thefilter resonant frequency should be set at 15 Hz or lower. For water,
in which the velocity of sound is 3200 ft/s (976 m/s), and a volumebettle size inner diameter d

19in (482.6 mm),
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If the chokediameter isselected to be 1.049 in (26.64 mm), then the length of each volumebaottle
and choke tube is 2.65t (0.81 m). See also Ref. 8.

Side Branch Aecumulators Liquid-filled, quarter-wavelength, side branch accumulators
reduce pulsationsin a narrow frequency band and can be effective on constant-speed positive
displacement pumps. However, in variabl e-speedsystems, accumul ators with or without a bladder
can be made more effective by partially charging them with a gas (nitrogen or air) since the gas
chargecushions hydraulic shocksand pulsations. If properly selected, located, tuned, and charged,

a wide variety of accumulators (weight- or spring-loaded; gas-charged) can be used in positive
tiigolacement pump systemsto prevent cavitation and waterhammer, damp pulsations, and reduce
pressuresrges™."" Improper sizingor location can aggravateexisting problemsor causeadditional

ones, Typicaly, the best location for accumulators is as close to the pump as possble.

Gas-charged dampeners, or accumulators, such as thosedepicted in Fig. 6, are most commonly
used and can bequite effectivein controlling pulsations. These devicesare commercially available
from severd sources. Important to their effectivenessare their location and volumeand the pres-
ared the charge. When gas-charged dampeners are used, the gas pressure must be monitored
ad maintained since the gas can be absorbed into the liquid. The system pressurecan sometimes
be lover than the gas charging pressure, such ason start-up; therefore, a valveshould be installed
toshut df the accumulator during start-up to eliminate gas leakage to the primary liquid. When
the vave is closed, the accumulator is decoupled from the system and is not effective. Accumu-
lators with integral check valvesshould be adjusted so that pressure transients do not close the
check vaveand render the accumulator ineffective. Accumulatorswhich have bladders (Figs. 6b,
d, and €) to separate the gas charge from the liquid have some distinct advantages, particularly
if gas absorption isa problem. Accumulatorswith flexible bladders must be carefully maintained
dnee faillured a bladder could release gas into the liquid system and could compromise the
effectiveness of the dampener.

Thein-line gas dampener (Fig. 6€) has a cylinder around the pipe containing a gas volume
and bladder. Theliquid entersthedampener through small holesin the circumference d the pipe
and impinges upon the bladder, which produces the same acoustic effect as a side branch
configuration.

It is not always possible to design effective pulsation control systems using simplified tech-

ommended for designing optimum filtersor accumulators. This tool has become widely accepted
lor designing reliable piping systems for reciprocating liquid pumps and gas compressor units.
The reduction in pulsationsin a liquid pump system in a nuclear plant isshown in Fig. 7. These
results were obtained with a two-volume acoustic filter system designed with the electroacoustic
andog The volume diameter was 19.3 in (49 cm), and the length was 4 ft (1.2 m). The choke
tube diameter was 0.8 in (2 cm), and itslength was 7 ft (2.1 m). Thespeed o the triplex (2-cm)
pump Wes 360 rpm, and the filter resonant frequency was set at 8.1 Hz for a velocity d sound of
4550 ft/s (1390 m/s).

(a) (b) (e) (d) (e}

FIG.6 Types d accumulators: (a) piston. (b)diaphragm, {¢) gascharged, (J)
bladder, (e) in-line.
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PIC. 7 Effectd acoudtic filter on pulsations.

PIPING VIBRATIONS

When mechanical resonances are excited by pulsations, vibrationsin the pump and piping can
sometimes be 20 times higher than under off-resonant conditions. When the mechanical reses
nancescoincide with the acoustic resonances, an additional amplificationfactor ashigh as300can
be encountered.

Piping system mechanical natural frequencies can be calculated using simplified design pro-
cedures to provide effective detuning from known excitation sources. A nomogram (Fig. 8) for
calculating the lowest natural frequency o uniform steel piping spans™ can be used in designing
piping systemsand in diagnosing and solving vibration problems. For example, welded between
two bottles, a 4-in (102-mm) pipe that is 10 ft (3 m) long and hasan inner diameter o 3.826 in
(97.18 mm) would have a mechanical frequency o 74 Hz. 1f the pipe wasan equal-leg L bed
(L = 5),the natural frequency would be50 Hz.

To minimize piping vibration problems, al unnecessary bends (considering routing and ther-
mal flexibility)should be eliminated since they providea strong coupling point between pulsation
excitation forces and the mechanical system. When bends are needed, use the largest endosed
angle possble and locate restraints near each bend. Piping should adso have supports near dl
piping size reductions and at large masses (valves, accumulators, flanges, etc.). Small auxiliary
piping connections(vents, drains, pressuretest connections, etc.) should be designed such that the
massd the valve and flange is effectively tied back to the main piping, thuseliminating relaive
vibration.

DIAGNOSTICS AND INSTRUMENTATION

Thediagnosisof vibrationsin positivedisplacement pumpsshould usually include dynamic pres
sure measurements in the cylinders and piping near the pump. These measurements can be
obtained by the use of piezoelectricor strain gage pressure transducers. If cavitation or flashing
issuspected, a pressuretransducer capable of measuringstatic and large dynamic pressuresshould
be used; even then, cavitation-produced pressureshocks may damage the transducer.

Accelerometerswith low frequency characteristics may be used with electronic integratorsto
obtain accurate vibration displacement data from the pump case, cylinders, or piping. Similarly,
velocity or seismic pickups may be employed. Maximum vibrations usualy occur at the midde
o piping spansand at unsupported elbows (out o plane).

Real-time analyzers and oscilloscopes may be used to display the resulting signds, A fidd
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FIG. 8 Natural frequency of uniform steel piping spans. (1 ft = 0.3048m; 1 in = 2.54cm)

exampleshowing the diagnosisof cavitation at the pump suction using a strain gage diaphragm
preﬁjretransducer isgiven in the oscilloscopetrace of Fig. 9. The vapor pressure (gage) for this
system Was 25 1b/in? (172 kPa). Note that the negative hdf o the cycle isflattened when vapor
pressureis reached and that very high amplitude pressure spikesare apparent. For liquids with
disolved gases, lower pul sationamplitudes can produce cavitation; however, the cavitation is usu-
ally lessevere.

Typicd field pulsation data obtained on a three-plunger pump isshownin Fig. 10, whichisa
frequency spectrum o the pulsationsmade by a real-time analyzer. Each spike represents a fre-
quency multipled running speed. Note that the third spike, representing the plunger frequency,
has the largest amplitude; however, the components at one and two times pump speed are aso
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significant, which means that these frequency components should be considered for pulsation
control.

The vibration frequencies d the piping should be compared with pulsation frequenciesto
evaluate potential pulsation excitation & mechanical resonances. A check d the piping mechan
ical natural frequencies from the nomogram (Fig. 8) should be made to evaluate the possibility
o a mechanical resonance. High vibrations produced by low-level pulsationsat a particular fre-
guency are indicative d a mechanical resonance, which can usually be corrected by additiona
piping restraintsor snubbers. Once the causesd the pulsationsand vibrationsare diagnosed, the
techniques presented above can be used to develop solutions.

Thermal Problems In pump systems having high thermal gradients, large forces ad
moments on the pump case can cause misalignment o the pump and itsdriver as well as pump
case distortion resulting in vibrations, rubbing (wear), bearing failure, seal leakage, etc. High
stresses can be imposed on the piping, resulting in loca yielding or damage to the piping
restraints. snubbers, or support system. Misalignment problemscommonly exhibit a high second-
order component d the shaft vibrations. Proximity probescan be used at the bearingsto messure
movement d the shaft relative to the bearing centerlina.

ing start-up and normal operation becaused the uneven torqueloading d the postlvedlqolaoe
ment pumping action. Shaft failures are strongly influenced by the torsiona resonancesd the
system, which are the angular natural frequenciesd the system.

Torsional vibrationscan be measured using velocity-typetorsional transducers which mourt
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FIG. 10 Typicd fidd data recorded on a threeplunger
pump.
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a astub shaft or by measuring the gear tooth passing frequency with a magnetic transducer or

frequency(the torsional vibrational velocity). Spectral analysisdf thesesignalsdefinesthetorsional
amplitudesand natural frequencies. The stresses can be calculated by using the mode shape of
the specific resonant natural frequency and combining all the torsional loads. Torsiona natural
frequencies mode shapes, and stresses can be caleulated by using either the Holzer technique or
digitd computer programs.'?

Torsional problemscan usually besolved by changing the coupling stiffness between thedriver
and pumpor by using a flywhed in an effective location. The addition d a flywheel will tend to
smooth the torque oscillations. Pumps with a greater number of cylinders and equal cylinder
phesing usudly operate more smoothly with lower shaft stresses.
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