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Most inexperienced energy engineers discover the Affinity Laws and go crazy.  The potential for energy savings is almost unbelievable.  In the simplest situations, the savings are absolutely true.  The true test is to be able to recognize when things are not simple and the evaluation needs to be modified.  Remember: the evaluation needs to be modified.  The laws are the laws.  Rest assured, the modifications all follow the Affinity Laws and the calculations are simple.  But the savings potential will be less, and in some cases too small to consider when certain easily recognized situations exist.

I had to look up the word "affinity" in the dictionary to get an idea why it was chosen for the formulas defining the relationships between speed ratios, head ratios and horsepower ratios for centrifugal pump and fan applications.  The word "affinity" means "relationship". It is my feeling that a deliberate effort is made every now and then to name useful and clever formulas with words that tend to hide the connection to their use in the real world.  Possibly it is just a result of engineers taking a cue from doctors and lawyers.

Anyway, the ratio equations are straight forward and simple to manipulate to determine any useful information with a few known facts:


The reduction in expected savings comes from the misapplication of the affinity laws, or more correctly, the application of the wrong affinity law, when evaluating the real world of pumps in action.  If the application is to reduce flow in a closed loop circulation system without any devices that require a significant inlet pressure at all times to perform properly, then using the affinity laws, in their simplest form, i.e., the flow vs. rpm relationship, is the correct way to go.  If, however, there is a minimum pressure required on the system at all times for the end use devices to work properly, or a static head that must be overcome, then the evaluation must first focus on the second Affinity Law.


The first Affinity Law; , defines the relationship between the speed of the pump and the flow from the pump.  The second Affinity Law; , defines the relationship between the speed of the pump and the outlet pressure of the pump.  Since a simple circulation loop, like a hot water baseboard fin tube circuit, requires pressure only to overcome the friction due to flow, the flow and pressure relationships pass through zero at the same time [Fig. 1].  However; a chilled water supply system must overcome the friction pressure losses and the pressure drop through the fin coil or heat exchanger connected to the loop.  A cooling tower system must overcome the friction pressure losses and the change in elevation between the tower sump and the top of the tower and the pressure drop through the heat exchanger connected to the system.  If the supply pipe does not present a certain minimum pressure to the coil, the coil will not perform as expected.  If the supply pipe does not present the minimum pressure equal to the change in elevation in a cooling tower, no water will flow up to the top and into the tower.  Therefore, for proper operation of the system, a minimum pressure must be maintained.





Designers of variable speed pumping systems have taken this into account by controlling the pump speed with a pressure sensor, or a differential pressure sensor.  As the pressure rises above the setpoint the pump slows down.  As it falls below the setpoint the pump speeds up.  The result is that the system still performs as it should so the processes are satisfied, or the space temperatures are maintained.  This is good.  It keeps your phone from ringing.  The only problem is that the energy savings may turn out to be negligible.

Most of the time the only one who notices this disturbing glitch is the plant engineer that recommended the VSD.  So, naturally, the subject doesn’t get brought up.  Unfortunately he never recommends a VSD again since, as he can now testify: “Those !@%#! things don’t save energy!”  What really happened was that it didn’t save the dramatic amount of energy that he originally predicted.  But there will be energy savings and greater control of the system to boot!

If you study the system in question and determine that a minimum pressure is required you will then see that the flow and the pressure do not pass through zero at the same time [Fig. 2].  The correct application of the second Affinity Law first will tell you that there is a minimum pump speed that will be necessary to produce that minimum pressure even at zero flow.  To determine the horsepower vs. flow relationship you must approach the affinity laws from both the speed vs. pressure and the speed vs. flow relationships.





So, how do we go about translating this into minimum speed?

Any pump is selected to operate at a certain design flow rate, FD and design total dynamic head; HD (D=Design) (Fig. 3).  HD is the total of the static and the friction head for the design flow rate.  For a system that has a specific minimum static head requirement Hmin, there is a minimum pump speed.  The friction head still varies as the square of the flow rate, but since the static head will remain constant for all flows, the system curve does not start at zero pressure because of the static head requirement (Fig. 4).



	




To use a VSD means that you are developing the "family" of pump curves, i.e., a curve for each RPM.  The minimum RPM curve (in this example: RPM6) is the one closest to the minimum static head (Hmin) at zero flow (Fig. 5).  This is the minimum speed!  If the pump goes to RPM7 the flows corresponding to that pump curve are all below the system curve.  The pump will be spinning, but there will be no flow through the devices that require a pressure higher than the pump output pressure.  So the minimum speed can then be defined, paradoxically, as the highest speed that the pump can run and still produce zero flow.




That minimum RPM curve can be found by the second Affinity Law. 








The minimum speed that the pump can operate and have an effect on the system is equal to the design speed multiplied by the square root of the ratio of the minimum pressure over the design pressure.

So, as Hmin approaches HD, the ratio under the radical approaches 1.  Therefore, the minimum speed approaches the design speed and the savings are minimized.

The operating system requirements will be met only when the system operates between Hmin and HD.  When automatic controls are installed, the pump automatically finds the minimum speed, no matter whether the controls sense flow, pressure, temperature, or some other variable.  Why?  Because the pump will not have an effect on the system until the minimum speed is applied.  This is the reason that the expected savings are not realized if the Affinity Laws are misapplied.

Suppose that you had a cooling water system that was controlled by a temperature sensor.  As the temperature of the return water increases you want the pump to speed up.  As the temperature signal tells the pump to speed up, the pump responds, but if its RPM is below the minimum speed, the flow will remain zero until the speed increases enough to create a pressure high enough to overcome the minimum system head.  Then, and only then, will there be an increase in flow through the system that will effect a change in the water temperature.

If you are operating the system manually, energy savings will be realized if the pump operates lower than Hmin.  The problem is that there will not be any useful work from the pump.  It is important to note, however, that if you don’t need the output from the pump, you can never save any more energy than shutting it off!

If you are now convinced, as I sincerely hope you are,  that there is at least something to be reckoned with in this concept of minimum speed, what’s next?  This can be expanded to encompass a formula for accurately calculating the horsepower at any speed.

Consider the application of the Affinity Laws as a two step problem.  The first step involves calculating the minimum speed ratio.  The second step involves applying the Affinity Laws to the friction losses when there is flow.


Referring to Figure 6, the speed ratio for the first part, the minimum speed ratio, is defined as stated previously: .  The speed ratio of the flow part of the problem is a straight application of the first Affinity Law: , but the formula is applied only to the portion of the problem that pertains to flow in the system!




Let’s assume that the percent minimum speed in Fig. 6 is 60%, i.e.:


 

Now let’s examine in a little detail what the first Affinity Law is telling us.  It says that the ratio of the flow output from the pump is equal to the ratio of the speed of the pump. To put it in relation to Fig. 6: the speed of the pump that produces flow is between 60% speed and 100% speed.  So the flow ratio should be applied to that portion of the speed range only!  Therefore, the flow ratio should be applied to the pump speeds between 60% and 100% of the pump speeds.  This part of the equation would be:




Since the minimum speed is the highest speed with no flow, the speed ratio determined by applying the first Affinity Law to the system curve must be added to the minimum speed ratio.  So the final ratio speed equation will be:



That’s it!  You have taken into account that the pump must operate at a certain minimum speed to accommodate the real world of the system that it is attached to and serves, and you have taken into account that the flow does, indeed, vary with the speed of the pump.  But only after the pump has reached a speed sufficient to start the flow in the system.

Finally, I offer the full pump horsepower equation at any speed by applying the Affinity Laws as they should be applied:




Therefore:





This equation satisfies both the system parameters, as described by the system curve, and the pump parameters, as described by the pump curve and the Affinity Laws.  If the system is pure resistance, i.e., the flow and pressure both cross through zero at the same time, then Hmin is zero and the entire cubed term in the brackets reduces to the flow ratio; .  If the system has a minimum pressure component, and as that minimum pressure approaches the design pressure, the cubed term in the brackets approaches 1.0, indicating that the speed required approaches full speed.
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