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Foreword (Not part of Standard)

Purpose and aims of the Hydraulic Institute

The purpose and aims of the Institute are to promote the continued growth and well-being of pump manufacturers
and further the interests of the public in such matters as are involved in manufacturing, engineering, distribution,
safety, transportation and other problems of the industry, and to this end, among other things:

a) To develop and publish standards and guidelines for pumps;
b) To collect and disseminate information of value to its members and to the public;

c) To appear for its members before governmental departments and agencies and other bodies in regard to mat-
ters affecting the industry;

d) To increase the amount and to improve the quality of pump service to the public;
e) To support educational and research activities;

f) To promote the business interests of its members but not to engage in business of the kind ordinarily carried on
for profit or to perform particular services for its members or individual persons as distinguished from activities
to improve the business conditions and lawful interests of all of its members.

Purpose of Standards and Guidelines

1) Hydraulic Institute Standards and Guidelines are adopted in the public interest and are designed to help
eliminate misunderstandings between the manufacturer, the purchaser and/or the user and to assist the
purchaser in selecting and obtaining the proper product for a particular need.

2) Use of Hydraulic Institute Standards and Guidelines is completely voluntary. Existence of Hydraulic Insti-
tute Standards does not in any respect preclude a member from manufacturing or selling products not con-
forming to the Standards.

Definition of a Hydraulic Institute Guideline

A Hydraulic Institute Guideline is not normative. The guideline is tutorial in nature, to help the reader better under-
stand the subject matter.

Comments from users

Comments from users of this guideline will be appreciated, to help the Hydraulic Institute prepare even more useful
future editions. Questions arising from the content of this guideline may be directed to the Hydraulic Institute. It will
direct all such questions to the appropriate technical committee for provision of a suitable answer.

If a dispute arises regarding contents of an Institute publication or an answer provided by the Institute to a question
such as indicated above, the point in question shall be sent in writing to the Technical Director of the Hydraulic Insti-
tute, who shall initiate the Appeals Process.

Revisions

The Standards and Guidelines of the Hydraulic Institute are subject to constant review, and revisions are under-
taken whenever it is found necessary because of new developments and progress in the art. If no revisions are
made for five years, the standards and guidelines are reaffirmed using the ANSI canvass procedure.

Units of measurement

Metric units of measurement are used and corresponding US customary units appear in brackets. Charts, graphs,
and sample calculations are also shown in both metric and US customary units. Since values given in metric units
are not exact equivalents to values given in US customary units, it is important that the selected units of measure to
be applied be stated in reference to this guideline. If no such statement is provided, metric units shall govern.
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Consensus

Consensus for this guideline was achieved by use of the Canvass Method. The following organizations, recognized
as having an interest in the standardization of rotodynamic pumps, were contacted prior to the approval of this revi-
sion of the guideline. Inclusion in this list does not necessarily imply that the organization concurred with the sub-
mittal of the proposed guideline to ANSI.

Committee list

Although this guideline was processed and approved for submittal to ANSI by the Canvass Method, a working com-
mittee met many times to facilitate its development. At the time it was developed, the committee had the following
members:

Chairman: E. W. Allis, Peerless Pump Company

Committee Members Company
R. B. Erickson Flowserve Pump Division
J. Anspach John Anspach Consulting
D. Rusnak Flowserve Pump Division
A. Hobrastch National Pump
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9.6.5 Rotodynamic (Centrifugal and Vertical) Pumps for Condition Monitoring
9.6.5.0 Scope

This guideline is for rotodynamic (centrifugal and vertical) pumps, including both sealed and sealless pump designs
as stated in each section.

9.6.5.0.1 Purpose

This document is intended to give the pump user a tool for condition monitoring of the pumps in their systems, but
does not directly address process management systems.

9.6.5.0.2 Use of this document

It is the user’s responsibility to identify the need for implementing pump condition monitoring practices. The user is
also responsible for identifying those parameters they wish to monitor. This document does not require any moni-
toring be done, but will provide information relevant to making such decisions, and provides suggestions for carry-
ing out the monitoring process.

This guideline discusses the indicators that can be monitored or reviewed on rotodynamic pumps to identify pump
failure modes. Common means of measuring those indicators have been defined. Control limits have been recom-
mended, where appropriate, for those indicators whose limits are not defined in other Hydraulic Institute Standards.
ANSI/HI 9.6.4 contains default initial field alarm and trip vibration measurement setting recommendations that may
be used until a baseline can be established and the recommendations contained herein may be applied.

There are a number of potential failure modes for rotodynamic pumps. For each failure mode there can be several
possible causes. To anticipate the occurrence of each cause, one or more of the following 14 indicators may be
monitored or reviewed. The failure modes, causes, and indicators are listed in Appendix A. The inverse, namely
indicators, causes, and failure modes, are listed in Appendix B.

There are definitions included in Appendix C to clarify terms used in this standard.

In addition to those indicators listed below, changes in pump sound can sometimes be used to indicate some
changes in pump performance. However, interpretation of change in sound is usually subjective in nature.

Various failure modes can be characterized by the following observations and processes.
» Power absorbed

e Temperature rise

» Corrosion/Erosion

e Leakage

e Pressure (suction, discharge, differential)

* Vibration

e Periodic lubricant analysis

e Shaft position

* Rate of flow
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* Maintenance inspection

* Speed (rpm)

* Bearing wear

* Preinstallation hydrostatic test

» Design review

When monitoring a pump, it is important to establish a baseline to which all future measurements can be com-
pared. This applies to both new and reconditioned equipment. Trending is more important than the absolute level of
the indicator. Soon after the pump is put into service, a baseline should be established. The indicators that one
chooses to monitor at an established frequency can then be compared to the baseline. The change and rate of
change of the trended indicator will give the user indications of the pump’s current state, and how much longer it
will continue to operate.

9.6.5.0.3 Monitoring frequency

The frequency at which an indicator should be monitored is determined by the severity of the consequences of fail-
ure (severity level) and the probability of failure.

The severity level indicates the consequences of failure. There are three factors considered: safety, environmental,
and economic.

» Safety consequences include those effects on immediate employees as well as others in the community
« Environmental consequences may involve local regulations and national or company standards
« Economic consequences include the costs of lost production and correcting the failures

Table 9.6.5.0.3a suggests three levels for each factor: low, medium, and high. Users should assign a severity level
for each factor based on its circumstances. The severity level for an application is determined by the highest indi-

vidual level.
Table 9.6.5.0.3a — Severity levels
Safety Consequences Low Medium High
Environmental Consequences Low Medium High
Economic Consequences Low Medium High

In determining the probability of a pumping system failure, the following factors should be considered:
» Historical data

* Indicator levels at start-up

* Recent trends

» Corrosive/erosive character of liquid
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* Equipment redundancy

» Operating proximity to best efficiency point (BEP) rate of flow

It should be recognized that the probability of failure may be revised at any time, particularly if trends change.
The user should categorize the probability as low, medium, or high.

By entering Table 9.6.5.0.3b, a monitoring frequency can be determined. The user should consider monitoring
more frequently than monthly for pumps that are rated as “High” probability of failure and “High” severity level. The
frequency should be determined based on the user’s evaluation of specific risks and consequences of failure. For
critical applications, the frequency may range from twice a month to continuous monitoring. The use of installed
monitoring equipment should be considered for these applications. The installed monitoring equipment should pro-
vide alarm indication based on set operating parameters. The monitoring equipment may also be set up to periodi-
cally record and store operating parameters. These data are useful for reviewing pump condition trends and
evaluating and scheduling service.

Table 9.6.5.0.3b — Frequency of monitoring

Probability of Failure
Severity Level Low Medium High
Low Annually Annually Semiannually
Medium Annually Semiannually Monthly
High Semiannually Monthly Twice a month to continuous

9.6.5.0.4 Control limits
Separate control limits are recommended for alarm and shutdown conditions.

Alarm limit is defined as the indicator value at which one wants to be notified of changes (either increase or
decrease) in the measured indicator level. The alarm limit for each indicator should be set as a change from the
baseline value and not from established commissioning acceptance levels. The pump does not need to be shut
down, but more detailed and/or increased frequency of monitoring should be instituted.

The shutdown limit is defined as the indicator value at which the unit needs to be shut down and secured immedi-
ately. Continued pump operation at indicator levels in excess of the shutdown limit will shorten the mean time
between failures of the unit and greatly increase the likelihood of a catastrophic pump failure.

The alarm and shutdown limits suggested in this document are guidelines. The best knowledge base for each
pump installation is the user’s experience and knowledge. Experience may warrant higher or lower alarm/shutdown
limits, depending on the design of the equipment, system requirements, past indicator history, and failure record.

In subsequent sections of this document, each indicator is discussed. Each section includes an introduction dis-
cussing the reasons for monitoring, methods of monitoring, frequency of monitoring, and control limits.

Appendix B contains a cross-reference between indicators, causes, and failure modes.
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9.6.5.1 Power monitoring
9.6.5.1.1 Introduction

Monitoring the power consumed by a pump can give advanced indication of the following failure modes: rolling ele-
ment bearing failure, coupling failure, shaft breakage, and hydraulic performance degradation.

9.6.5.1.2 Means of power monitoring

There are several ways of monitoring the power used by a pump. Some of the instrumentation/systems are outlined
below.

Torque meter: The most direct method is to install a torque meter with integral speed pickup between the
driver and the pump. This system will directly sense the speed and torque required by the pump. Some torque
meter readouts will even calculate the actual power transmitted.

Power meter: This measurement is useful if the pump is driven by an electrical motor, either directly coupled to
the pump or through a gearbox, belt, or hydraulic coupling. Electrical transducers are typically installed in the
electrical motor starter to measure voltage, current, and phase angle. Multiplying them results in the power
supplied to the motor. This approach will not only monitor the power increase or decrease in the pump as parts
deteriorate or drag, but also indicates if anything is happening to the general health of the electrical motor and/
or the gearbox, belts, or hydraulic coupling.

Electrical current: Similar to a power meter, but only the motor current is monitored. The line voltage and
power factor are assumed to remain constant, allowing one to calculate the power supplied to the motor. While
this method monitors the condition of the pump and motor, it is susceptible to error caused by variations in the
electrical supply grid.

Strain gauges: Strain gauges applied to either the pump shaft near the coupling, or the drive output shaft, with
proper telemetry or slip ring equipment, will give an indication of the torque required to drive the pump. This
approach is similar to using a torque shaft except that a longer baseplate is not required to accommodate the
length of the torque shaft. Some accuracy is sacrificed. If the pump speed is constant or known, the power
required by the pump can be calculated.

Caution must be used when applying electrical power monitoring techniques to pumps exhibiting “flat” power
curves, i.e., where power changes very little over the operating range. In these cases, setting alarm points can
be difficult due to the detection of small power changes resulting from operating point changes and discriminat-
ing them from power changes due to other causes, such as temperature changes in the motor or pump and
normal process fluctuations.

Measurement practice: Monitoring the pump power usage alone will only indicate whether or not the power is
changing. Power changes can also result from changing the hydraulic operating conditions and mechanical or
hydraulic deterioration.

Along with power measurements, the operating condition of the pump needs to be monitored, or as a minimum, the
pump must be operated at the same conditions when data are recorded.

To adequately monitor the operating condition of the pump; rate of flow, total head, net positive suction head avail-
able (NPSHA), and pumpage viscosity and specific gravity need to be measured. When variable-speed devices are
used, speed should also be measured.

Once it has been determined that changes in the power consumed by a pump are not the result of changes in its
operating conditions, then the changes can be attributed to a pump failure mode. Note that flow rate, operating
speed, fluid density, and viscosity are all operating conditions that will impact the absorbed power. Further study of
the changes in power and other failure causes will be required to determine the exact mode of failure.
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9.6.5.1.3 Power monitoring frequency
Refer to Table 9.6.5.0.3b.
9.6.5.1.4 Power control limits
Before selecting alarm and shutdown limits, the accuracy, repeatability, and stability of the power measurements
must be evaluated. Similarly, the accuracy, stability, and repeatability with which the pump’s operating condition can
be set also must be evaluated. Consideration should also be given to the power level, with higher-power pumps
requiring tighter tolerances.
The following control limits are recommended:

Alarm — 5% to 10% change from baseline

Shutdown — 10% to 30% change from baseline

The above levels should not fall below the normal minimum power required by the pump or above the normal max-
imum power levels.

9.6.5.2 Temperature monitoring
9.6.5.2.1 Introduction

Temperature is a relatively simple and inexpensive parameter to monitor. It can be used to monitor the following
failure modes: bearings, seal faces, corrosion, NPSHA variation, cooling-loop blockage, decoupling of magnetic
couplings, and motor-winding insulation breakdown.

9.6.5.2.2 Means of monitoring temperature

Thermocouple probes or strip resistance temperature detectors (RTDs) are primarily used for monitoring. When
monitoring temperatures at locations where there can be rapid changes (e.g., vaporization of cooling flow or bear-
ing rubs), special care must be taken. Temperature at the source of heat input may be up to several hundred
degrees higher than measured temperature of liquid, gas, or metal a short distance away. There is also a time
delay between temperature rise at the hot spot as heat flows toward the measurement spot. With proper attention
to locating the sensor near the heat input, and minimizing the thermal inertia of the sensor and heat transfer path,
temperature changes (temperature rise) can be used as an indicator of machine condition.

9.6.5.2.3 Specific applications of temperature monitoring

9.6.5.2.3.1 Motor-winding temperature

Motor insulation deteriorates faster at higher temperatures. Temperature is dependent on load, frequency of starts,
and cooling effectiveness. Winding temperature is more often measured by thermocouples located at the center of
the end turns. Strip RTDs and thermistors are also used as alternate sensor methods. Motors are often fitted with
thermostats that shut off power when a preset temperature is reached.

9.6.5.2.3.2 Temperature-sensitive liquids

Temperature sensors are used to measure temperature of liquids to ensure that the material is maintained in the
liquid state. For high-freezing-point liquids, care must be taken to locate the sensor in the least heated area and

allow time for temperature stabilization. For polymerizing liquids, the sensor must be mounted in potential hot spots
(areas of high liquid shear or near external heat inputs).
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9.6.5.2.3.3 Rolling element bearing temperatures

Rolling element bearing temperatures can be measured by one of three methods:

» Thermocouples or tip-sensitive RTDs immersed in lube oil active flow areas to measure lubricant temperature.
» Thermocouples or tip-sensitive RTDs touching the outside raceway of the bearing.

» Sensors attached to or touching the outside surface of the bearing housing. This is the least reliable method of
measurement and is not recommended.

9.6.5.2.3.4 Liquid film bearing and seal faces temperatures

Temperatures of contacting surfaces of sleeve bearings, thrust bearings, and mechanical seal faces can change
rapidly when the liquid film is not supporting the load correctly. For hydrodynamic radial bearings, even thermocou-
ples installed in drilled holes as close to the radial bearing surface as possible are often too slow in showing exces-
sive temperature rise to be able to shut down before bearing failure. Use of proximity probes to detect radial shaft
position and motion is preferred. For thrust bearings and mechanical seal faces, thermocouples located very near
the contact surfaces can frequently detect distress before failure.

9.6.5.2.3.5 Pumped liquid temperature rise

Measurement of liquid temperature at suction and discharge can indicate temperature rise accurately when rate of
flow is sufficient to avoid recirculation and suction heating (above 10% or so of BEP flow). At lower rates of flow,
fluid mixing from discharge to suction can result in relatively low indicated temperature rise. In these cases, the
suction temperature may have increased so that NPSHA has been reduced and flashing may be occurring. Locat-
ing the suction thermocouple 20 diameters or more upstream will also avoid suction recirculation heating error. Sig-
nificant increase in temperature rise across the pump indicates a drop in flow that is likely to cause flashing.

9.6.5.2.4 Sealless pump liquid temperature

Avoidance of liquid flashing in the bearing area of sealless pumps is critical because the bearings are liquid lubri-
cated. Reduced cooling flow can result in an increase in cooling-liquid temperature and flashing. Slow increases in
temperature can be detected by well-placed thermocouples. Rapid increases may not be sensed quickly enough to
avoid bearing damage.

Liquid is also often used as a coolant in the magnetic gap between the inner magnet and the containment shell. If
flashing occurs, heat removal capacity is greatly reduced and excessive heating may take place. The flashing of
highly volatile liquids inside a sealless pump can cause rapid expansion that leads to distortion of internal compo-
nents that can result in failure.

9.6.5.2.4.1 Sealless pump temperature damage

Magnets in magnetic couplings lose strength at elevated temperatures. If excessive heating occurs, the magnets
will weaken until they are no longer strong enough to transmit the torque. Process liquid temperature changes as
well as coolant-loop blockages may result in elevated coupling temperatures. Temperature sensors may be
installed on the outside of the containment shell or in the containment shell cooling loop to monitor the magnetic
coupling environment.

The following are some of the situations that may be encountered:

e Dry run: with no liquid to dissipate heat, temperature will rise rapidly.

* Running against a closed discharge valve, temperature will rise slowly.
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