Functional Testing Guidance

Pump Performance

This functional testing guidance is designed to aid in developing test procedures for a specific project by describing the steps involved in testing. The guidance should be adapted as necessary to address the control sequences, configuration, and performance requirements of the particular system being tested.  Additionally, codes may require specific testing procedures that may not be addressed in this document.  All tests based on this guidance should be reviewed carefully to ensure that they are complete and appropriate.
Test Procedure: Pump Performance
Overview 

The objectives of testing a system’s pump performance are to:

· Document system pump performance.
· Determine the impeller size currently installed in the pump.
· Establish the system curve for the pumping system.
· Determine the operating point of the pump; i.e. the point where the pump’s impeller curve crosses the system curve with the discharge valve throttled and with the discharge valve fully open. 

· Assess the match between “full flow”—flow delivered by the pump with the discharge valve fully open—and the actual design flow requirement. 

· Assess the implications of throttled discharge valves and opportunities to open discharge valves and modify pump performance via trimming the impeller, changing the motor to achieve an incremental motor/pump speed change or installing a VFD to change the motor/pump speed to a non-incremental value.  The goal of all of these modification techniques is to provide design flow without the head imposed by the throttled valve. As a result, the system will benefit from reduced pump energy use and operating costs.

· Assess the flow variations produced in the system as different active elements are repositioned by their control processes.  

· Detect and diagnose other control or performance problems.
System Description 
The flow delivered by a centrifugal pump depends on pump characteristics (including impeller diameter and volute design), pump speed, the distribution system pressure drop, the discharge and control valve positions, and the effects of other system pumps. It can be applied to pumping systems that include individual components, subsystems, or related systems such as single or multiple pumps and their associated valves (discharge, control, isolation and bypass, balancing, check), motors, heat exchangers, strainers, impellers, headers, piping, and controls.
When to Conduct Pump Tests

This test can be conducted at any point when pump performance is in question. It is typically conducted in an existing building to identify optimization opportunities but it can also be performed in a new building to confirm that the pump system is performing in accordance with design intent.
If a quick building inspection reveals highly throttled discharge valves, this test may be recommended.  A throttled discharge valve introduces head loss into the system in order to restrict flow and achieve design conditions.  This head loss equates directly to energy waste, and indicates the pumping system may have potential for optimization.  (However, if the valve is oversized, it may not be imposing a significant pressure drop.  This possibility should be investigated before doing the test.)
If the discharge valve is found to be wide open, the next step is to estimate the amount of head the system needs compared to the rated nameplate head of the pump.  This is achieved by summing all of the head losses in the system, including piping, valves, elbows, heat exchangers, elevation changes (applicable to open systems only), and any other devices in the system that introduce a head loss.  If the pump’s rated head far exceeds the head estimated, then the pump may be moving more water than necessary through the system, running out its pump curve because of the excess head.  The tests described below can be used to determine if pump optimization opportunities exist and can bring the system closer to design flow requirements.
Summary of Documentation
Documentation of the following items should be gathered: pump and motor nameplate data, system diagram, and pump curves.
Test Equipment

Pump suction and discharge pressures will be measured and recorded under each test condition.  Pump pressure can be measured using existing analog gauges if they are calibrated and reliable, or a hand-held digital pressure gauge if gauges do not exist or they are deemed unreliable. Note that many engineering specifications require calibration certification for the gauges used for testing purposes.  If this is a requirement, the results of a test conducted with gauges that do not meet the requirement (due either to lack of documentation or out of date documentation) may be deemed invalid and the provider may be forced to repeat the test at their own expense.  Other useful equipment includes a tachometer and amp probe. Refer to section 1.2.1 for a detailed discussion about gauge configuration and measurement locations. 
Trending

Ongoing trending of pump power (or current) will reveal operational issues such as inappropriate nighttime operation.  Monitoring pump status (a binary parameter instead of the analog parameter associated with power) will also provide pump operating data at a potentially lower cost.  Trending of differential pressure in the system loop is useful for ongoing diagnostics in variable flow systems.

Test Precautions

· Ensure that when pumps are taken out of service, all isolation valves are set properly, to avoid water leakage.

· Exercise care when changing operating modes if the equipment served by the pump is in operation.

· Verify that all components between the discharge of the pump and the discharge throttling valve (including the pump casing) are rated for the peak pressure on the pump curve with the largest impeller installed plus the static pressure on the inlet side of the pump prior to performing a shutoff test.

· Avoid sudden flow changes to minimize the potential for water hammer, especially when throttling a large valve for a shut-off test. 
· Exercise proper caution when working around live wiring and terminals and taking voltage or amp readings.

· Exercise proper caution while working around the rotating parts of the pump.

· Make sure to stop and start the pumps at the motor starter, the VFD, or at a load-rated disconnect switch.
· Ensure that no jobsite jurisdictional requirements are ignored (such as OSHA, insurance, and first aid requirements).

· Try to schedule tests when major equipment – such as chillers and boilers – do not need to be running to avoid creating uncomfortable conditions and equipment damage.  If testing during occupancy is unavoidable, coordinate with the people who could be affected.  
Example Tests
The following tests use the test procedure format proposed here.  They are available at www.ftguide.org/ftct/testdir.htm.
· Hot Water System Pump Test.  ID #: 1009
· Chilled Water System Pump Test.  ID #: 1010
· Condenser Water System Pump Test.  ID #: 1011

Sample Test

The following test was not created based on this test guidance but serves as a sample of similar tests.  It is available at www.ftguide.org/ftct/testdir.htm.
· Data Collection Procedures for Hot Water Heating Pumps: ID #: 1012
Test Procedure Outline

1.
Basic Pump Performance Test Elements

1.1
Verify all pump prefunctional checklists are complete
1.2
Prepare for tests

1.3
Specify test participants and roles/responsibilities

1.4
Document as-found status of system

1.5
Check for strainer pressure drop
1.6
Test pump with valve in initial position
1.7
Test pump with valve fully closed
1.8
Test pump with valve fully open
1.9
Return to normal
2.
Tests with Multiple Pumps or Multiple Operating Modes

2.1
Develop a test plan to characterize the performance of all pumps and/or operating modes

2.2
Prepare for and conduct tests

3.
Analysis and Opportunities

3.1
Analyze data

3.2
Estimate energy use

3.3
Consider additional opportunities
Test Procedure
1.
Basic Pump Performance Tests
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Verify all pump prefunctional checklists are complete.  Prior to performing any functional tests, the commissioning pre-start, start-up, and verification checklists should be completed, as well as applicable manufacturer's pre-start and start-up recommendations.  Prefunctional checklist items include, but are not limited to, the following:
1.1.1
If needed, insert a list of things that should occur during correct operation in this step of the test. Control system point-to-point checkout is complete to ensure all pump input/output points are wired correctly, and all actuators and relays or motor starters respond to control signals.

1.1.2
Power is provided to each pump assembly at proper voltage and phase rotation.  As an alternative to verifying phase rotation, pump rotation should be verified.

1.1.3
The system has been proportionally balanced with all control valves (or for systems with a diversity factor, the number of valves required to represent the design condition) fully open and the number of pumps required to serve the design load condition in operation.

1.1.4
All necessary sensors are calibrated.

1.1.5
Access to pumps and all components is acceptable for testing, maintenance, and replacement.

1.1.6
Locations of all pumps, valves, and other system components are clearly and correctly located on as-built drawings.

1.1.7
Fill pressure and expansion protection is checked (if necessary- refer to the engineer’s requirements and contractor’s as-filled pressure and quantities reported).

1.2
Prepare for tests.  Make sure all documentation and resources are ready. 

1.2.1
Evaluate instrumentation required for test.  If using digital pressure gauges or other equipment in addition to the existing equipment, ensure that it is calibrated.  If using existing instrumentation on the pumps, use the same gauge to measure both suction and discharge pressures, if possible, to reduce measurement errors.  This will minimize the possibility that any error in a single gauge (i.e. calibration) is nulled when the discharge and suction pressures are subtracted to calculate differential pressure.  However, the error associated with individual gauges can significantly impact the calculated differential pressure and may lead to improper system analysis.

Pressure measurements must be made on the inlet and outlet flanges of the pump since this is where the manufacturer measures pressure when developing the pump curves.  Measuring pressure at any other location will introduce error and uncertainty into the test and may lead to improper system analysis.  

1.2.2
Sketch a simple system diagram, showing all pumps, valves, and other system components.

1.2.3
Obtain pump curves for all pumps in the system.  Certified curves for the exact pump provided are preferable to catalog data that applies generally to the pump make and model.

1.2.4
Obtain contact information for the chiller or boiler representative who can discuss test results with regard to chiller or boiler performance.  Most equipment can operate efficiently and effectively under a range of water flow rates.  Hence, system operation may be further optimized if “design” flow rate can be modified without having an adverse impact on the equipment being served.  However, for new construction projects, deviations from the design requirements should be coordinated with the testing and balancing contractor and approved by the engineer of record.

1.2.5
Coordinate as necessary with the trades, in particular the TAB and controls contractors.  System balance must be complete and a controls technician may be needed to manipulate isolation and control valves as necessary to achieve required test conditions.

1.3
Specify participants and roles/responsibilities.  The testing guidance provided in this document can assist in verifying proper system performance in both new construction and existing building applications.  The following people may need to participate in the testing process.  Refer to the Functional Testing Basics section of the Functional Test Guide for a description of the general roles and responsibilities of the participants.  These roles and responsibilities should be customized based on actual project requirements.

	New Construction Project
	Existing Building Project

	Commissioning Provider
	Commissioning Provider

	Mechanical Contractor
	Building Operating Staff

	Control Contractor
	Controls Contractor


1.4
Document as-found status of system.  Physically inspect all the components of the system to document their condition and specifications prior to beginning the tests.  This includes:
1.4.1
Document the as-found status of all related pumps, chillers, boilers, condensers, cooling towers, and valves including positions, temperatures, kW, amps, and other available indications of the operating state.

1.4.2
Document all pump and motor nameplate data.

1.4.3
Check the operation of all valves that will be adjusted during the tests.  If valves cannot be adjusted without damaging them, the test may not be feasible. Valves should be capable of fully opening and closing. DOCUMENT THE POSITION OF ALL VALVES PRIOR TO ANY ATTEMPT TO REPOSITIONING THEM.
1.5
Check for strainer pressure drop.  Prior to running performance tests, the condition of the strainer must be assessed to ensure that excessive pressure drops do not invalidate the test results or cause equipment damage. 

1.5.1
Ensure that all system control valves are fully open (or are at the maximum expected flow position).  If the system includes VFDs, ensure that these are at 100% speed.  Ensure that all isolation valves are fully open.  If this is not possible, document the condition as close as possible at the time of test. Balancing valves at the coils should not be opened, since this alters the proportional balance of the system.

1.5.2
With the pump running, record pressure ahead of the strainer and the pump suction pressure.

1.5.3
Calculate strainer pressure drop.

1.5.4
If the strainer pressure drop is excessive, suspend the test and inspect and clean the strainer.  

1.6
Test pump with discharge valve in as-found position.  Initially document the performance of the pump with its current valve position, to record “as found” performance.   Document the discharge valve position so it can be returned to this position after the other tests.  With the pump running, record the following:
1.6.1
Pump suction pressure.

1.6.2
Pump discharge pressure.

1.6.3
Motor current (all phases).  Note that if the measured current is close to rated full load current for the motor, step 1.8 of the test with should be conducted with caution because the motor can become overloaded when operated with discharge valve wide-open.  If the “as-found” measured current is very close to the rated full-load current of the motor, motor current should also be measured during the wide-open flow test to ensure the motor does not operate at an overloaded condition, which can cause motor damage.

1.6.4
Motor volts (all phases).  Verify that input voltage is near the nameplate rating to ensure proper voltage is applied to the motor and to determine if there is an imbalance between legs in a 3-phase circuit, which may impact motor performance.  

1.6.5
Document any other secondary indicators deemed desirable.  Possibilities include motor and/or pump speed and the pressure drop across the tube bundle or coil served by the pump.

1.7
Test pump with discharge valve fully closed.  A pump shutoff test is used to verify the pump impeller size.  This should be done quickly—in no more than 5 minutes—since a no-flow situation can cause overheating in the pump. Also, coordinate with the operating staff prior to shutting down the pump and disrupting flow to the system.  It may be necessary to turn on a second parallel pump before shutting down the pump under test to maintain flow in the system.  Turn the pump off and close the discharge valve.  Briefly restart the pump, record the following, and then turn the pump off again:  
1.7.1
Pump suction pressure.

1.7.2
Pump discharge pressure.

1.8
Test pump with valve fully open.  To determine the performance point at full flow, conduct a test with the discharge valve wide open.  With the pump off, adjust the discharge valve to the fully open position.  Turn the pump on.  If a second pump was started to maintain flow during the shut-off test, turn it back off so you are testing the system with only one pump running and record the following:
1.8.1
Pump suction pressure.

1.8.2
Pump discharge pressure.

1.8.3
Motor amps (all phases).  If the motor amperage measured in section 1.5.3 is close to rated full-load amperage, then measure motor amperage during the test and compare to maximum allowable amperage, as determined by:

Max Amps = Rated full-load amps × motor service factor
If measured amperage exceeds maximum allowable amps, do not operate the motor for more than 2 minutes to prevent motor damage.

1.9
Return to normal.  After conducting the tests, return the system and equipment to normal.
1.9.1
Return discharge valve to original position.

1.9.2
Remove all test equipment.

1.9.3
Return the system to the state it was operating in at the start of the test or as requested by the operating staff.

2.
Tests with Multiple Pumps or Multiple Operating Modes 
2.1
Develop a test plan to characterize the performance of all pumps.  Systems with multiple pumps in parallel or series can have many different operating points.  The operation of each pump will affect the operation of all other pumps.  Similarly, the HVAC system may have several different operating modes, depending on the flow required through any system loads at any point in time.  In either case, the pump will operate at some point along its curve.  These different modes simply change the system that the pump “sees,” putting the pump on a different system curve.  The performance of the system at each potential operating regime should be documented using the techniques outlined previously under Basic Pump Performance Tests to identify the point where the system curve(s) intersect the pump curve(s).  In essence, the pump is being used as a calibrated flow measuring device to assess system performance.
2.1.1
Identify the pumps that are included in the system and draw a simple system diagram.  

2.1.2
Define the different combinations of pumps and system loads that represent different operating modes.  Determine the “worst case” scenario with full flow required at all system loads to ensure that the system can supply this flow with any impeller changes. If the system includes lead pumps and standby pumps to serve the same loads, the worst case, maximum flow condition will still need to be determined because pumps configured in a lead/stand-by configuration will often see different system head losses depending on the actual piping layout for each pump.
2.1.3
Determine some of the “most common” scenarios with some loads or pumps requiring only partial flow.  Test and optimize the performance for these key modes.

2.1.4
Determine how many tests can be done with the available budget, and select the tests that will be conducted.

2.1.5
Develop a testing sequence that will run through these tests most efficiently.

2.2
Prepare for and conduct tests as described in Basic Performance Tests above. 
3.
Analysis and Opportunities

3.1
Analyze data.  After conducting the tests, the recorded data can be used to assess the pump’s performance.  The operation of the system will always occur at the point where the pump curve (which is concretely defined for a particular pump by the impeller size and the pump speed) intersects the system curve (which will change depending on the operating mode).  When the pump is producing flow greater than necessary, changing either the pump impeller size or the pump speed can deliver design flow at reduced power.  Figure 1 provides a graphical example of the analysis procedures discussed below.
3.1.1
Determine the actual impeller size by plotting no-flow pressure (see section 1.6.) on the set of pump curves provided by the manufacturer.  Keep in mind that measurement errors will influence the calculated differential pressure across the pump.  If the pump shut-off test yields a pressure that is reasonably close (within 10%) to the no-flow pressure for the nameplate impeller and discharge valve leakage, motor speed and wear ring clearances have been eliminated as reasons for a mismatch, then it is safe to assume the nameplate diameter is accurate and that impeller curve can be used.  Otherwise develop an impeller curve based on the measured no-flow pressure.  
3.1.2
Plot the as-found operating point by following the pump curve for the actual impeller size to the pressure reading from the as-found test (see section 1.5.).  Note the flow rate at this point.  If the balancer did their job, then this flow rate should be close to the design flow rate.  However subsequent adjustments may have shifted the as-found operating point from the original setting, so the as-found condition may not match the original design requirement.
3.1.3
Plot the wide-open operating point by following the pump curve for the actual impeller size to the pressure reading from the worst-case wide-open test (see section 1.7.).  Note the flow rate at this point. This point defines the system curve for the system with the discharge valve wide open.  

3.1.4
Use the worst-case wide-open point on the pump curve to manually draw in the system curve on the set of pump curves.  Use the following equation to determine approximate points for a range of intermediary flow rates on the system curve:

Hintermediary = Hmin + [Hwide-open × (Qintermediary / Qwide-open)2].
where H is head, Q is flow, and Hmin refers to the minimum pressure requirement for the system.  For example the “lift” for a cooling tower or minimum pressure differential at the most remote coil within the system.  Hence the system curve will cross the “head” axis at the minimum pressure value when flow is 0 gpm.  

Note that pumps in the real world will not follow this equation exactly, since it does not account for issues such as condenser water lift or elevation differences, or constant volume regulators.  It is a useful approximation, however.  Accuracy can be improved if tests are conducted at several points along the system curve, not just at the wide-open and no flow points. 

Note that for open systems, for example condenser water systems, the lift or elevation difference between the highest point in the system and the lowest point in the system that is open to the atmosphere will not vary with flow.  In open condenser water systems, this will be the tower lift or the difference between the water level in the cold basin and the water level in the hot basin or the discharge of the spray nozzles.  The head at 0 gpm will be this value thus, the system curve will intersect the head axis of the pump curve at this value.  Constant volume regulators and other items that have a head associated with then that is independent of flow will have a similar effect. 
3.1.5
Identify on the system curve the operating point achievable with an impeller trim or speed change:  the point on the system curve that corresponds to the design flow rate.  
3.1.6
Determine the required impeller size to achieve this head and flow rate, by locating the pump curve closest to the achievable operating point.  Referring to Figure 1, design flow crosses the system curve between the 9 inch and 10 inch impeller curves.  Trimming the impeller to approximately 9.5 inch diameter would result in the pump utilizing approximately 7.5 brake horsepower (bhp) to meet design flow rate (compared to about 12.5 hp for the wide-open operating condition).  An alternative would be to either trim to or install a new 10 inch impeller and throttle the discharge valve slightly to achieve design flow.  This would require approximately 9 bhp to achieve design flow rate.  Trimming an impeller is typically less expensive than installing a new impeller, but once the impeller is trimmed, the ability to achieve higher flow rates than design flow is lost.  

Note: If the design flow rate crosses the system curve below the smallest impeller for a particular pump, this limits the size to which the impeller can be reduced.  Here, the least expensive solution would be to trim to the smallest impeller diameter and throttle back the valve until design flow rate is met.  Other options include reducing pump speed or some combination of measures to meet required flow rate. 
3.2
Estimate energy use.  Estimate energy savings by subtracting the motor input power required at the as-found condition from the final operating condition, as determined by the modifications selected for implementation, and multiplying the result by pump operating hours.  

System brake horsepower for both conditions can be estimated from the pump curves or calculated using the following equation:

bhp = [flow × head] / [3960 × pump efficiency] 

where flow is in gallons per minute, head is in feet, and pump efficiency is read off the pump curve.  

Motor input power is calculated by:
kW = [bhp × 0.746 kW/hp] / motor efficiency

where motor efficiency can be estimated based on motor rated efficiency and part load operating point.  

Hence energy savings are calculated by:

ES = [kWas-found – kWfinal] × pump operating hours
3.3
Consider additional opportunities.  The results of the pump test data analysis may result in a variety of improvements that can be made to the system, as outlined below:

3.3.1
If the as-found flow rate is significantly different from the design flow rate, it calls for further investigation. Determine the best design flow rate by considering the design documents and any other changes that may have been made to the system.

3.3.2
Identify a means of reducing the flow other than throttling the pump or trimming the impeller.  These could include:

· Installing a VFD to reduce the motor speed (operating at a lower speed creates an entirely different set of pump curves, and the full range of the VFD can be realized if the impeller is trimmed and the VFD is allowed to operate near full speed)
· Shutting down one parallel pump
· Replacing the motor with a reduced speed
· Replacing the pump with a more appropriately sized pump
3.3.3
As stated above, once an impeller is trimmed to a specific size, increases in system flow will be minimal or impossible.  Many times a pump is sized for future expansion but current operation is well below maximum flow of the pump.  It may be more cost effective in a situation like this to retain the existing impeller to meet future flow requirements and install a new, correctly sized impeller to achieve immediate savings.
3.3.4
If the motor is close to requiring replacement, or a spare lower-speed motor (i.e. 1200 rpm vs. 1800 rpm) is available, the system may be analyzed with the lower speed motor to reduce flow.
3.3.5
A system with multiple pumps may call for different staging strategies.  If the system will be operating for many hours per year at partial flow, it can be optimized for this operating point while still ensuring adequate capacity when full-flow is required.  Ideally, pumps should run as close to full load as possible.  
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Figure 1:  Example pump curves, with system curve superimposed.  The goal of these tests is to move from the design operating point to the operating point achievable with an impeller trim or speed change, which requires less power to provide the same flow rate.
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