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Introduction 
 

The history of the centrifugal pump can be traced to the late 1600s.  However, the 
modern centrifugal pump came into general use only within the past one hundred years or 
so.  The progress of the development of the centrifugal pump essentially paralleled that of 
electric motors and modern steam turbines.  As these drivers became bigger and more 
powerful, so did the centrifugal pump.   

The general design and layout of the centrifugal pump has hardly changed in the 
last fifty years.  However, improvements in containment, efficiency, reliability, and cost 
have been made and will continue to be made.  Future developments will most likely 
include: the use of innovative sealing devices to reduce fugitive emissions, the use of new 
and innovative pump controls such as variable-speed motors and telemetry systems, the 
application of modern materials such as composites, ceramics and plastics, and the use of 
sealless pumps possibly with canned rotors and magnetic bearings.  In addition, with the 
aid of very fast computers and modern flow visualization techniques, new and improved 
impeller and casing configurations are rapidly being developed. 

The worldwide oil refining and petrochemical industries are the largest users of 
centrifugal pumps.  Applications include fluids that can be (and often are) both 
flammable and toxic.  Centrifugal pumps typically and routinely handle temperatures 
from –50 to over 700 ºF, pressures from vacuum to over 3000 psig, and specific gravities 
from as low a 0.62 to over 2.0.  This wide range of pumping conditions has presented 
some unique challenges not only to the engineers designing the centrifugal pump (i.e., the 
manufacturer), but also to the engineers designing the flow system that contains the 
centrifugal pump (i.e., the end user). 

Valves are used to regulate and throttle the flow being supplied by a pump.  Many 
different types of valves have been designed to fit a multitude of applications.  One very 
common type of valve is the globe valve, which has the ability to start, stop and regulate 
flow; not all valves can do all three tasks.  Another popular valve is the ball valve, which, 
as the name implies, uses a ball with a bore machined through its the center to start and 
stop flow.  When this valve is fully open, which is achieved by rotating its stem 90 
degrees, the hole in the ball is in line with the flow.  One advantage of this design is that 
there is little or no friction loss in the valve when it is fully open, since the hole is usually 
the same diameter as the inside diameter of the pipe.  However, ball valves are not very 
good at regulating flow, although they can be used for this purpose. 

The proper design of a piping network requires detailed knowledge of the various 
resistances in the system that the pump most overcome to move a fluid.  These 
resistances are associated with the piping network itself (i.e., fittings, reducers and 
expanders, and entrance and exit loses), the characteristics of any valves in the network, 
and any elevation changes in the system.  Once the design requirements for the piping 
network have been calculated, a pumping system is selected to meet the operational 
criteria of the piping network and the chemical plant, in general. 
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Objectives 
 
This laboratory experience can be divided into three parts: the study of the flow 

characteristics of valves, the study of the performance characteristics of centrifugal 
pumps, and the study of an entire flow network including, valves, piping and fittings.  
You will first determine the valve coefficient (Cv) for a valve as a function of the valve 
position (i.e. between 0% open and 100% open). Second, you will study the performance 
a two different centrifugal pumps each operating alone and then in series and parallel 
configurations. You will compute pump characteristic curves, the work of the pumping 
system (which includes the pump, motor and shaft or coupling), and the corresponding 
efficiencies of the various components of the pumping system.  You will compare all this 
information with the manufacturer’s data. You will also calculate the actual net positive 
suction head (NPSH) and compare it with the required NPSH.  Finally, you will perform 
a mechanical energy balance for the entire piping network operating through one of the 
centrifugal pumps.  This energy balance, or theoretical system curve, will be compared 
with the pump curve to determine the theoretical operating point for the total system. You 
will then measure this operating point and compare it with the predicted one. 
 
Design Theory 
 
Centrifugal Pumps 
 

The Bernoulli equation is a form of the generalized energy balance that is 
commonly used to analyze flow in piping networks.  This equation relates all forms of 
hydraulic energy including static or potential energy, pressure energy, kinetic energy, 
frictional energy losses in piping and fittings, and pump energy.  Each term in the 
Bernoulli equation is usually written in terms of pressure, but expressed in equivalent feet 
of water or head.  The pump head (Wp) represents the work done on a unit weight of 
liquid in passing from the inlet or suction flange to the discharge flange.  The pump must 
provide enough pressure head (energy) to overcome the pressure losses in the rest of the 
system.  The pump performance is described by the extended Bernoulli equation as 
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where p is the pressure, γ is the specific weight, V is the average liquid velocity, g is the 
acceleration due to gravity, Z is the elevation above or below a reference point, l is the 
length of tubing, D is the tubing diameter, f is the friction factor (dimensionless), hp is the 
head of the pump, and K is the valve, fitting, entrance or exit coefficient.  Note that in 
this project you must use English units for all quantities.  For instance, pressures should 
be reported in psi, and lengths or heights or diameters should be reported in inches or 
feet.  The term (p2 – p1) is called the pressure head or flow work. The term (V2

2 – V1
2) is 

called the velocity head and represents the kinetic energy of a unit weight of the liquid 
moving with velocity V.   The term (z2 – z1) is called the elevation head or potential head 
and represents the potential energy of a unit weight of liquid with respect to a reference 
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point.  The reference point on a single stage horizontal centrifugal pump is the pump 
shaft centerline.  

The pumping system typically consists of piping, valves, fittings, and process 
equipment.  When a particular system is being analyzed, the resistance to flow through 
these various components must be calculated. Fittings (elbows, tees, etc.) are rated in 
equivalent length of straight tubing the same size as the fitting.  Valve resistances are 
characterized by their respective flow coefficients, i.e., Cv or K values, which are 
obtained from different forms of Eqn. (1) and essentially differ by a constant. The 
“system-head curve” or “system curve” is a plot of the total system resistance, variable 
plus fixed, for various flow rates.  The system curve is obtained by computing and then 
summing all the terms on the LHS of the Bernoulli equation as a function of flow rate 
over the desired range of flow rates.  It is not measured experimentally! The system curve 
is usually plotted in terms of feet of head versus flow rate, similarly to a pump curve.  

A pump curve is a plot of the amount of head (or pressure) a pump can develop as 
a function of flow rate.  Naturally, a properly designed pump must provide sufficient 
head to the system to attain the desired flow rate. What this means is that the pump curve 
must be consistent with or intersect the system curve. You will experimentally measure 
four pump curves in this laboratory experience and compare the results with the pump 
curves provided by the supplier.  For one of the pumps, you will compute the system 
curve and determine where it intersects the pump curve.  This theoretical operating point 
will then be compared to the experimentally measured operating point of this system.   
 Cavitation is defined as the formation and subsequent collapse of vapor-filled 
bubbles in a liquid usually at the eye of the impeller.  Cavitation occurs when the inlet 
pressure to the pump is below the vapor pressure of the fluid. NPSH is a measure of the 
minimum suction conditions (i.e., inlet pressure head) required to prevent cavitation in a 
pump.  The available or actual NPSH must be at least equal to (but necessarily greater) 
than the required NPSH to avoid cavitation.  An actual NPSH that is substantially greater 
that the required NPSH provides a margin of safety against the onset of cavitation, which 
can severely damage the pump.  The actual NPSH is calculated from 
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where pt is the pressure on free surface of liquid in the tank, pvp is the vapor pressure of 
the liquid at the pumping temperature, γ is the specific weight of the liquid at the 
pumping temperature, Z is the height from centerline of pump to the surface of water in 
the tank, and hf is the frictional head loss from the tank outlet to the pump suction. 
 Technically speaking, a “pump” is just the impeller and housing (or volute) that 
transfers energy to the fluid. In order for the pump to work, two or more components are 
needed: an electric motor drive, and a mechanical coupling between the motor and the 
pump.  Typically, the term pump is used loosely to refer to the entire system including 
the motor, coupling and pump, but this is technically incorrect.  When specifying a large 
pumping system, the engineer must design the electric motor and electrical system to be 
compatible with the pump.  In order to quantify the performance of the pump, coupling, 
and motor, three different efficiencies are used and defined below. 
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 Pump power (or water power) is the rate of useful work done by the pump; i.e. it 
is the power imparted to the fluid.  The pump power is calculated from the following 
dimensional formula in terms of work horsepower (whp): 
 

 whp gpm head S G
=

× × . .
3960

                                                                                      (4) 

 
The units of whp are in Hp. The pump power is always less that the actual electric power 
consumed by the pump motor because of inefficiencies and losses. The electric power 
input to the motor gives the total power input to the pumping system. The electric power 
is the product of the voltage and the current input to the motor and is calculated from Eq. 
(5) in terms of electric horsepower (ehp). 
 

ehp
voltage current

=
×

746
                                                                                    (5) 

 
The units of ehp are also in Hp. The overall efficiency (ηOA ) is the ratio of the energy 
imparted to the liquid by the pump (whp) to the energy supplied to the motor (ehp), and is 
expressed in percent.  This efficiency takes into account all inefficiencies and losses in 
the pump, electrical motor, and mechanical couplings and is calculated from: 
 

100×=
ehp
whp

OAη                                           (6) 

 
The pump efficiency (ηp) is the ratio of the energy imparted to the liquid by the pump 
(whp) to the energy supplied to the coupling imput shaft, i.e., the ratio of the liquid 
horsepower to the brake horsepower (bhp) expressed in percent.  The brake horsepower is 
the power delivered to the mechanical coupling, and is smaller than the electric power 
input to the motor due to electrical inefficiencies in the motor.  The pump efficiency ηp is 
thus a measure of the efficiency of the design of the pump hydraulic internals, and is 
given by Eq. (7). 
 

100×=
bhp
whp

pη                                     (7) 

 
The efficiency of the motor (ηm) is the ratio of the brake horsepower to the electrical 
input (horsepower) to the driver (or coupling) expressed in percent as   
 

100×=
ehp
bhp

mη                                         (8) 

 
Valve Coefficients 
 
 Valve coefficients (Cv) are an industry wide measure of valve size (i.e. ability of 
the valve to accommodate flow).  For liquid service, Cv is the measure of the number of 
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gallons per minute of 60 oF water that will flow through a valve at a 1 psi pressure 
differential across the valve.  The maximum Cv is widely accepted as the measure of the 
maximum valve size.  For a variable-position valve, Cv varies as the valve is opened or 
closed. If the Cv is known, the liquid flow rate through a valve can be calculated at any 
pressure differential using 
 

. .VQ C
P

S G
=

Δ
                                                                           (9) 

 
where Q is the flow rate in gpm, S.G. is the specific gravity of fluid, ΔP is the pressure 
drop across valve in psi.  In this laboratory experiment, the Cv of a valve with be 
measured and compared with that provided by the manufacturer.  The K value of a 
different valve, used in the piping network to mimic the resistance of a chemical process, 
will also be determined and used in Eq. (1) to calculate the system curve.  Recall that a K 
value is similar to a Cv value, as mentioned above.  It fact, it is possible to derive Eq. (9) 
from Eq. (1) and determine a relationship between Cv and K. 
 
Equipment and Supplies 
 
Centrifugal Pump Experimental Module 
 

Major pieces of equipment in this system include two different centrifugal pumps 
from Little Giant Pump Co. Refer to manufacturer’s data for more information (attached).  
This system also has one 55 gal plastic drum.  Numerous 4.5 in. process pressure gauges, 
current and voltage meters form Omega Inst. Co., and two digital flow meters from G.P.I. 
Co. are also included.  Minor pieces of equipment in this system include numerous 
fittings and valves.  A tape measure and micrometer are also needed and included. 
 
Operational Procedure 
 
Initial Conditions 
 

Valves V-1, V-2, V-3, V-4, V-6, V-7 and V-8 are closed.  The flow control valve 
V-5 can be in any position.  All the pumps are turned off.  The 55 gallon drum is filled to 
the 50 gallon mark with water.  It is important to review the calculation requirements 
before you begin the experiment.  There is certain data or information that must be 
recorded in order for you to complete the calculations correctly. 
 
Part I: Test Valve Cv Measurement 
 
1. Align the valves in the system so water flows from Pump #2 through the test valve 

and back to the tank. 
2. Close the test valve completely.  Then begin to open it carefully and record how 

many complete and then fractional turns it takes to go from being fully closed to 
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being fully opened.  It is best to do this in terms of degrees, noting that one full turn is 
360o.  Finally, convert the number of turns into % of fully open. 

3. Close the test valve, open V-5 fully, and then start pump #2.   
4. With the test valve fully closed, record the ΔP across the test valve and corresponding 

flow rate as a function of degrees open (i.e. valve position in % of full open). 
5. Open the test valve in increments of 5% of full open and record the ΔP across the test 

valve and corresponding flow rate.  Continue until the valve is 50% open. 
6. Once at 50%, continue to open the test valve now in increments of 10% of full open 

and record the ΔP across the test valve and corresponding flow rate.  Continue until 
the valve is 100% open. 

7. Turn pump # 2 off, and close all valves opened in step 1. 
 
Part II.  Pump Characteristic Curve Measurement 
 
1. Align flow from the 55-gallon drum through pump #1 and back to the 55-gallon drum 

while bypassing the chemical process.  
2. Close V-5 and start the pump(s).  Record all necessary information, including 

pressures, flows, voltages and currents.  This first point gives the "shutoff head" of 
the pump (i.e., no flow). 

3. Obtain the next point at the lowest flow rate achievable with the flow meter.  This is 
accomplished by opening V-5 approximately 1/4 turn, and then slowly closing the 
valve until the flow decreases to the minimum possible value.  You might have to do 
this several times to get a feel for the response of the valve. Record all necessary 
information.   

4. After obtaining this minimum flow rate point, increase the flow rate in approximately 
1/2 gpm increments until V-5 is fully open.  Record all necessary information.  This 
should give you approximately 20 data points. 

5. Perform steps 1 to 4 for pump #2. 
6. Perform steps 1 to 4 for pumps 1 and 2 configured in parallel (voltages and currents 

do not need to be recorded). 
7. Perform steps 1 to 4 for pumps 1 and 2 configured in series (voltages and currents do 

not need to be recorded). 
 
Part III. Chemical Process Resistance and System Operating Point Measurements 
 

A valve of unknown resistance is used here to simulate the resistance of a more 
complicated chemical process.  You will obtain sufficient data to determine the resistance 
of this valve in terms of a K value; and then, at the same time, you will obtain 
information to determine the operating point of the system under these conditions. 
 
1. Align flow from the 55-gallon drum through pump #2, then through the chemical 

process valve, and finally back to the 55-gallon tank. 
2. Open the chemical process valve ¼ turn and open V-5 fully. 
3. Start pump # 2.  For the chemical process resistance determination, record the ΔP 

across the valve.  For the operating point determination, record the ΔP across pump 
#2.  Finally, record the flow rate, which is needed for both determinations. 
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4. Repeat step 3 with the chemical process valve ½ open. 
 
Calculations and Required Graphs and Deliverables 
 
Valve Coefficients 
 
1. For the test valve, determine the Cv as a function of valve position in % and compare 

your results with the manufacturer’s data (provided). 
2. Make a graph of the results in terms of Cv versus % of full open.  Discuss any 

differences between the two curves. 
 
Pump Characteristic Curves 
 
1. For each recorded flow rate do the following: Calculate the pump head in feet of 

water for pump #1, pump #2 and for the series and parallel configurations of the two 
pumps. Tabulate your results. Consider why the static and dynamic heads associated 
with the locations of the gauges and pressure taps in the lines, in relation to the 
impeller inlet (suction) and outlet (discharge), can be neglected when calculating the 
pump head. 

2. For pumps #1 and #2 only, calculate the pump power in terms of work horsepower 
(whp) and the electrical horsepower (ehp).  Then, calculate the overall, motor, and 
pump efficiencies in %.  Finally, calculate the actual NPSH. Tabulate your results.  
Note that brake horsepower is obtained from the manufacturer’s data sheet. 

3. On the same graph, plot the pump head in feet of water vs. flow rate in gpm for 
pumps #1 and #2.  Plot the manufacturer’s pump curves on this same graph. Discuss 
any differences between the two curves. 

4. On another graph, plot the pump head in feet of water vs. flow rate in gpm for each 
pump and for the series and parallel configurations. Discuss the differences between 
the two curves, especially those for the series and parallel configurations. 

5. For pumps #1 and #2 only, make a graph of the pump power associated with each 
pump in horsepower (hp) versus flow rate in gpm. Plot the corresponding 
manufacturer’s data on this same graph. Discuss the differences between the two 
curves. 

6. For pumps #1 and #2 only, make a graph of the overall (ηOA ), motor (ηm), and pump 
efficiencies (ηp) in % vs. flow rate in gpm.  Discuss the differences between the two 
curves. 

7. For pumps #1 and #2 only, make a graph of the pump efficiencies (ηp) in % vs. flow 
rate in gpm.  Compare your results with the manufacturer’s data, noting that the 
efficiencies reported by the manufacturer on the data sheets are pump efficiencies. 
Discuss any differences between the two curves. 

8. Make a graph of the actual NPSH for each pump.  On the same graph, plot the 
manufacturer’s data on the required NPSH. Discuss any differences between the two 
curves. 
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System Curve and System Operating Point 
 

This calculation is based on flow from the tank, through pump # 2, through the 
chemical process valve and then back to the tank.  Since you took measurements at two 
different settings of the chemical process valve, you must calculate two different system 
curves, one for each setting.  However, the difference between these two system curves 
manifests only from the difference in the K value of the chemical process valve, which 
you calculate for each setting. 

Note that tubing size is reported in terms of the outside diameter.  All calculations 
with tubing must be based on the inside diameter.  This means that 5/8” tubing is 5/8” in 
diameter on the outside, but for the calculations, you must use the inside diameter of ½”.  
Valves and flow meters are sized by a nominal size.  For valves, this size can usually be 
found stamped on the outside of the valve body, e.g., V-5 is a 1” globe valve.  The flow 
meter size can be found in the manufacturer’s technical manual, and the chemical process 
simulation valve is a ¾” metering valve, but this bit of information is unnecessary as you 
will calculate the K value for this valve. 

Constants you will need include: density of water (ρ), dynamic viscosity of water 
(μ.), kinematic viscosity of water (ν), roughness factor for smooth copper tubing (ε), and 
gravitational constant (gc).  K values you will need include those for entrance and exit 
losses, ½” tubing to 7/8” tubing expander  (pump outlet fitting), 1” globe valve with 
beveled disc, full open (V-5), 7/8” tubing to 5/8” tubing reducer, 5/8” tubing to ¾ “ 
tubing expander, chemical process simulation valve  (calculated), ¾” tubing to 5/8” 
tubing reducer, 5/8” tubing to 7/8” tubing expander, turbine flow meter, swing check 
valve, and ball valves. 
 
1. From the measured pressure differential across the chemical process valve, calculate 

the K-values corresponding to the two different positions of the valve. 
2. Calculate the cross sectional areas for the different components and tubing.  These 

calculations are based on internal diameter for tubing and nominal size for a 
component.  For example, since the system flow meter is of 1” nominal size, its cross 
sectional area is 0.00545 ft2. 

3. Look up the needed K-values in the reference literature.  For instance, V-5 is a 1” 
globe valve with a K value that can be found in Perry’s Chemical Engineers 
Handbook, 7th Edition, Table 6-4. 

4. In a spreadsheet, range the values of water flow rate from 0.1 to 10 gpm in increments 
of 0.2 gpm.  

5. Calculate water flow rate in ft3/sec. 
6. Calculate the velocity [ft/sec] for each size tubing and component. 
7. Calculate the Reynolds number for each size tubing and component. 
8. Evaluate the Reynolds number for each size tubing and component in terms of 

laminar or turbulent flow regimes.  The K-values used are for turbulent flow only.   
9. Evaluate the friction factor for each size tubing by: 
10. Evaluating the roughness factor [ε] for the tubing inside diameter. 
11. Calculating ε/d. 
12. Using the Moody Chart, and obtaining values of the friction factor for each point in 

your spreadsheet, or recognize that the values of the friction factor are very close for 
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each tubing size and vary linearly within the range of the Reynolds number.  Enter the 
high and low values of the friction factor in the spread sheet and perform linear 
regression to obtain an equation to calculate the values of the Friction Factor for a 
given Reynolds number or just enter these values manually into your spreadsheet. 

13. Calculate the head loss for each tubing size.  
14. Calculate the head loss for each component using its K-value.  Recall that the 

chemical process valve has two different K-values, which gives rise to two different 
system curves. 

15. For each position of the chemical process valve, sum all the head losses for each 
water flow rate and tabulate the results. 

16. From the measured pressure differentials across pump #2, obtained in Part III for the 
two different chemical process valve positions, calculate the operating point in terms 
of pump head in feet of water and tabulate these values with the corresponding flow 
rates in gpm. 

17. For pump #2 only, plot the head in feet of water vs. flow rate in gpm.  On this same 
graph, plot both theoretical system curves in terms of total head loss in feet of water 
vs. water flow rate in gpm.  Also, on this same graph, plot both experimentally 
measured operating points (calculated in step 13) in terms of pump head in feet of 
water vs. water flow rate in gpm.  Discuss the intersections of the pump curve with 
the two theoretical system curves, and the two experimental operating points. 

 
Additional Suggestions for Critical Thinking and Discussion 
 
The oral and/or written reports should include the following considerations, organized 
appropriately: 
 
1. A description of the major components of a centrifugal pump with a discussion of the 

function that each part performs. 
2. Compare and contrast static head, static lift, and discharge head. 
3. What effect does the magnetic drive have upon the pump efficiency? 
4. What would happen if the actual NPSH fell below the NPSH required for the pump?   
5. Is the required NPSH the same for both pumps? 
6. How does the fluid temperature affect the NPSH?   
7. How are the values of Cv and K related for the 1” globe valve, V-5?  What if any are 

the units associated with these constants? 
8. Will the system operating point ever fall off the pump curve? Explain. 
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Manuals Located at the Experimental Module 
 
1.  Operator’s Manual for “Omega” DP-25-VRMS/CRMS True RMS Meter 
2.  Operator’s Manual for “GPI. Electronic Digital Meter. 
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Manufacturer’s Data 
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