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Abstract 

Unlike traditional impeller trimming, mechanically varying centrifugal pump impellers or 
volutes can significantly affect pump performance. This thesis explores the potential for 
performance enhancement by variable impellers as an alternative to, or possibly in conjunction 
with, popular pump improvement methods like adjustable speed drives (ASD) and permanent 
impeller trimming. A review of the theory, existing technology, and potential for future 
advancement creates the foundation for the final assessment and comparison.  
 
The methods developed in the thesis are applied to a case study of the United States Navy 
Arleigh Burke-class guided missile destroyer (DDG-51 class) firemain to propose appropriate 
impeller trimming to improve system performance, resulting in an annual fuel savings of nearly 
10,000 gallons per ship. Although the DDG firemain is used as the primary example throughout 
the thesis, the review of pump improvement methods could be applied to many Navy, military, 
or civilian pumping systems. Additionally, the inclusive analysis that the thesis provides may 
serve as a helpful starting point for future centrifugal pump research and concept development.  
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Nomenclature 
 

Subscripts 

1 Dimension in reference to the impeller inlet  

2 Dimension in reference to the impeller outlet  

3 Dimension in reference to the volute  

   

Symbols and Abbreviations 

A2 Impeller Outlet Area [in2] or [mm2] 

AT Volute Throat Area [in2] or [mm2] 

b2 Impeller Passage Width  [ft] or [m] 

b3 Volute Channel Width [ft] or [m] 

Cv Valve Flow Coefficient  

d Internal Pipe Diameter [in] 

D Impeller Diameter at Outlet [in] or [cm] 

g Acceleration Due to Gravity [ft/sec2] or [m/sec2] 

H Pump Head [ft] or [m] 

M External Torque [lbf-ft] or [N-m] 

n Impeller Rotative Speed [rpm] 

PI Power Delivered to Fluid by Impeller [ft-lbf/sec] or [kW] 

Q Volumetric Flow Rate [ft3/sec] or [m3/sec] 

r Radial Distance from Axis of Rotation [ft] or [m] 

r1 Radial Distance, Axis of Rotation to Impeller Inlet [ft] or [m] 

r2 Radial Distance, Axis of Rotation to Impeller Outlet [ft] or [m] 

rT Radial Distance, Axis of Rotation to Volute Throat [ft] or [m] 

U Tangential Speed at Particular Point on Impeller [ft/sec] or [m/sec] 

U2 Tangential Speed at Impeller Outlet [ft/sec] or [m/sec] 

V1 Absolute Velocity at Impeller Inlet [ft/sec] or [m/sec] 

V2 Absolute Velocity at Impeller Outlet [ft/sec] or [m/sec] 

Vm2 Meridional Velocity at Impeller Outlet [ft/sec] or [m/sec] 

Vθ Absolute Velocity in Circumferential Direction [ft/sec] or [m/sec] 

Vθ,1 Absolute Velocity in Circumferential Direction at 

Impeller Inlet 

[ft/sec] or [m/sec] 
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Vθ,2 Absolute Velocity in Circumferential Direction at 

Impeller Outlet 

[ft/sec] or [m/sec] 

VT Absolute Velocity in Circumferential Direction at Volute 

Throat 

[ft/sec] or [m/sec] 

α2 Angle of Absolute Velocity Vector from Circumferential 

Direction at Impeller Outlet 

[Degrees] 

β2 Impeller Blade Outlet Angle [Degrees] 

ηequip. Motor Driven Equipment Efficiency [Decimal] or [%] 

ηh Hydraulic Efficiency [Decimal] or [%] 

ηm Mechanical Efficiency [Decimal] or [%] 

ηmotor Motor Efficiency [Decimal] or [%] 

ηmotor sys Overall Motor System Efficiency [Decimal] or [%] 

ηoverall Overall Efficiency [Decimal] or [%] 

ηpump Pump Efficiency [Decimal] or [%] 

ηv Volumetric Efficiency [Decimal] or [%] 

ηVFD VFD Efficiency [Decimal] or [%] 

ρ Fluid Mass Density [lbf-sec2/ft4] or [kg/m3] 

ω Angular Velocity of Impeller [rad/sec] 

ASD Adjustable Speed Drive  

BEP Best Efficiency Point  

BHP Brake Horsepower  

CAD Computer-Aided Design  

CFD Computational Fluid Dynamics  

DFM Distillate Fuel Marine  

F Fahrenheit  

FBCF Fully Burdened Cost of Fuel  

gpm Gallons per Minute  

kWh Kilowatt-Hour  

MTBF Mean Time Between Failures  

MTTR Mean Time to Repair  

MIT Massachusetts Institute of Technology  

NPS Naval Postgraduate School  

NSTFP Navy Standard Titanium Fire Pump  

PMD Permanent Magnetic Drive  
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psi Pounds per Square Inch  

VFD Variable Frequency Drive  

WHP Water Horsepower  
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1 Introduction 

 

1.1 Background and Motivation 

 

Centrifugal pumps date back to the seventeenth century and remain widespread in  

prevalence with countless applications in diverse industries [1]. Naturally, there is a wealth of 

existing research on the theory and best design practices for these popular machines. Of these 

resources, a relatively large portion focuses on particular methods to affect centrifugal pump 

performance, both before and after manufacturing. For example, extensive documentation exists 

on the ideal process to determine impeller and volute dimensions, as well as post-design 

improvements like impeller trimming or the implementation of adjustable speed drive (ASD) 

technology. Less, however, is available to compare and contrast potential solutions like impeller 

trimming and ASD, and an even smaller fraction considers how reimagining the impeller or 

volute might help to control pump performance. An updated, balanced comparison is expected to 

be a valuable addition to existing literature on pump improvement methods.  

 

 

            Figure 1.1 - Centrifugal Pump Volute and Impeller (Source: [2]. With Permission.)  

 

The basic design of individual pump components affects overall performance in a 

predictable manner. Still, thorough review is needed to consider how fluid design principles 

might be harnessed to improve centrifugal pumps in new ways, especially in relation to the 

volute, and to compare these ideas to existing solutions like ASD and traditional impeller 

trimming. Hilary Johnson, Ph.D. candidate at the Massachusetts Institute of Technology (MIT), 



20 
 

is researching and developing designs to facilitate an increased range of high-efficiency 

operation through variability in the centrifugal pump volute [2]. In conjunction with Hilary 

Johnson’s research, this thesis surveys potential methods for controlling the design and operation 

of the centrifugal pump impeller and volute to allow operational variability that may improve 

efficiency and reduce energy consumption.  

This thesis begins with a comprehensive comparison of impeller modifications 

(permanent trimming or adjustable impellers), ASD technology, and variable volutes. A review 

of the theory, existing technology, and potential for future advancement creates the foundation 

for Chapter 4, which is a case study of the United States Navy Arleigh Burke-class guided 

missile destroyer (DDG-51 class) firemain to propose an impeller trimming modification of the 

Navy Standard Titanium Fire Pump (NSTFP), outlining the system performance improvements 

and calculating potential energy savings for the chosen solution. The author’s service in the 

Navy and experience on the DDG-51 platform inspired the selection of this particular system.     

Ultimately, the proposal for the DDG firemain system outlined in Chapter 4 is projected 

to save nearly 10,000 gallons of fuel and almost $30,000 annually per ship. Although the DDG 

firemain is used as the primary example throughout the thesis, the review and final assessment of 

pump improvement methods provided in Chapter 5 could be applied to any Navy, military, or 

civilian pumping system. Additionally, the inclusive review that the thesis provides may serve as 

a helpful starting point for future centrifugal pump research and concept development.       

 

1.1.1 The Importance of Pump Improvements 

 

Centrifugal pumps are often improperly sized for their intended applications [3]. For  

example, in the case of the DDG-51 class firemain system, the installed pumps are designed to 

provide a specified, maximum capacity to meet emergency demand (see Chapter 4). However, in 

normal conditions, daily firemain loads may be less than twenty-five percent of the design flow 

rate of one pump [4]. Pumps may also be oversized in civilian or military industries because of 

customer and manufacturer safety margins [3]. Regardless of the reason for the divergence, it is 

critically important to take action to match the pump rating to the system requirements, whether 

through permanent adjustments (such as impeller trimming) or induced variability (like ASD). 
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As this section describes, deviating from the design flow rate of the installed pumps negatively 

impacts the lifetime of system components as well as overall operational costs.   

 

1.1.1.1 Energy Saving Potential 

Operating an oversized pump can increase energy demand and operating costs  

associated with a given pumping system. Sections 2.1.2.1 and 2.2.1 explain how impeller 

trimming or ASD affects the pump performance curves to reduce the required head and power at 

a particular flow rate. For Navy systems, the motivation to lower energy demand extends beyond 

the basic savings in fuel expenses. The availability of fuel sources limits the range and endurance 

of operational assets such as the destroyer [5]. Refueling at sea requires a long and expensive 

logistics process that may increase a ship’s vulnerability to enemy action in battle scenarios; 

energy efficiency improvements extend the “fuel tether” of a ship [5]. Furthermore, the Navy is 

committed to cultivating a “sustainable model of national defense” through responsible energy 

usage and technology development [6]. While the impact of centrifugal pump improvements on 

one individual ship may be relatively minor, the resulting benefits multiplied across the entire 

fleet could meaningfully advance the Secretary of the Navy’s Energy Goals [6].   

   

1.1.1.2 Extending Equipment Lifetime 

Operating at flow rates that differ significantly from a pump’s design rating can  

detrimentally affect the integrity of pumping system components. Figure 1.6 and section 2.2 

explain some potential effects of operating at flow rates either below or above the best efficiency 

point (BEP) of a particular pump. Moreover, throttling a control valve to dissipate excess power, 

also described in section 2.2, increases system wear and maintenance expenses [7]. In the 

example of the DDG firemain system, which necessarily operates at higher head when its flow 

rate demand is lowered, the excess pressure may cause a multitude of undesirable outcomes 

including leaks, noise, corrosion, and erosion [4]. Overall, operating off-design negatively 

impacts a pump’s efficiency and reliability [4].        
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1.1.1.3 Naval Engineering Implications 

The system-level implications and tradeoffs of potential pump improvements are  

important issues in the design space exploration. Planning upgrades for a shipboard system must 

also consider factors like space and weight constraints that may not be as essential for land-based 

facilities. First and foremost, pump modifications must not prevent, and will ideally advance, a 

system’s ability to achieve its objectives. For example, the DDG NSTFP is normally oversized 

for its daily demand, but simply trimming the existing pump impellers is not feasible, since the 

firemain must meet emergency capacity when required (see section 4.1.1). For a mission critical 

system like the firemain, redundancy and reliability are also foremost concerns. Solutions with 

the potential to benefit these factors, such as the one detailed in Chapter 4 of this thesis, may be 

preferable to those that inherently introduce complexity and additional points of failure, like 

variable impellers or certain types of ASD.   

 

1.1.2 Existing Research on Navy Centrifugal Pump Improvements 

 

Centrifugal pumps are critical components in a wide range of Navy systems and  

platforms. However, many of these systems, including the DDG firemain, could be improved to 

take advantage of the benefits described in section 1.1.1. Although public information detailing 

Navy ship systems and pumps is relatively limited in scope, one of the most commonly studied is 

the DDG firemain. Two academic reports available from the Naval Postgraduate School examine 

potential energy-saving improvements for the NSTFP and other systems installed on the Arleigh 

Burke-class guided missile destroyers (DDG). While the proposed solutions provide a starting 

point for this thesis, the singular focus and specific drawbacks of each study highlight the need 

for continuing, comprehensive research, as well as alternate propositions, in centrifugal pump 

upgrades for Navy ships.     

 

1.1.2.1 Study of the Potential for ASD Technology on DDG-51 Class Ships (2003) 

LT Godfrey Weekes’ Naval Postgraduate School (NPS) thesis, Cost Benefit Analysis of  

Adjustable Speed Drives Aboard Arleigh Burke Class Destroyers, published in September 2003,  

calculates the potential fuel savings from incorporating ASD technology in the DDG firemain 

and chilled water systems [8]. The thesis is completed for the purpose of an electrical 
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engineering degree and focuses largely on describing the functionality of the ASD itself. 

However, Weekes also applies centrifugal pump affinity laws to estimate the potential savings 

from operating select DDG systems with ASD, specifically 22 BHP (16 kW) for the NSTFP in 

the firemain system and 36 BHP (27 kW) for the chilled water pump. After applying 

assumptions on the typical DDG operating profile, Weekes determines a fuel cost savings 

(unadjusted for inflation) of $5,674 for one six-month deployment. 

 While ASD is one method of reducing excess pressure and energy waste in systems with 

centrifugal pumps, the technology presents significant challenges to successfully adapt to 

shipboard applications. These disadvantages, some of which are outlined in Weekes’ work [8], 

are discussed further in section 2.2.2 of this thesis. As an alternative to ASD, Chapter 4 proposes 

relatively simple modifications to the destroyer firemain system that do not impose the same 

drawbacks as ASD and that offer competitive energy and fuel savings to those that Weekes 

calculates for his solutions. 

   

1.1.2.2 Energy Savings from Including a Vertical NSTFP in the DDG-51 Firemain (2010) 

In a 2010 NPS study, authors Cannon et al. survey various possibilities to improve energy  

efficiency on the DDG-51 platform, including one proposal for the firemain system [9]. 

Specifically, the authors suggest adding one additional, vertical inline NSTFP to the existing 

system. The smaller capacity, lower energy vertical pump, the authors argue, could preferentially 

operate during non-emergency periods at a reduced flow rate to prevent running the higher 

capacity, horizontal NSTFP at excess head. According to the study, this arrangement could save 

an impressive $409,674 in the initial year of operation and $2.1 million after the first five years.  

 The savings projected in [9] are substantially higher than those calculated for the 

solutions proposed in [8] and section 4.2.2.3 of this thesis. While Cannon et al. do not provide a 

detailed breakdown of their calculations, the disparity is likely due, in part, to their use of the 

“Fully Burdened Cost of Fuel” (FBCF). A concept implemented by the Department of Defense 

(DOD), the FBCF is intended to reflect the supply costs behind each gallon of fuel, in addition to 

the commodity itself [9]. Based on the FBCF, Cannon et al. adjust the fuel price from $2.63 to 

$13.02 per gallon, raising the cost per kilowatt-hour (kWh) from $0.44 to $2.06. Compensating 

for the FBCF clearly has a significant impact on the monetary savings that [9] promotes. This 

thesis and [8] do not take into account this adjustment.   
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 In addition to the FBCF, Cannon et al.’s pump selection may also inflate their projected 

energy savings. The authors propose including a Pentair Aurora, single stage inline fire pump 

rated for 300 gpm at 155 psi which, as the authors explicitly mention, could be undersized for the 

daily, non-emergency demands of the firemain system (see Chapter 4 for a detailed description 

of the DDG-51 firemain system). If Cannon et al. instead conservatively based their calculations 

on a larger pump, for example 500 gpm at 150 psi as in section 4.2.1 of this thesis, then, after 

selecting a similar pump from the same manufacturer, their predicted energy savings would be 

drastically reduced [10]. 

 Even if the solution for the DDG firemain that [9] outlines were feasible, it has other 

drawbacks that are important to consider. For example, adding a different model pump to the 

existing system would require implementing new maintenance procedures and a stockpile of 

parts specific to that pump. While Cannon et al. mention that the current practice is to run two 

NSTFPs to meet daily, non-emergency demand, only the one vertical inline pump could be 

operated under their plan. Furthermore, if the reduced capacity pump were to require repairs or 

maintenance, there is no back-up option aside from the originally installed NSTFPs. Section 

4.2.1 of this thesis instead suggests installing one additional NSTFP and using trimmed impellers 

to create energy savings during periods of low demand, which provides inherent redundancy 

advantages.      

 

1.1.3 Exploring Alternative Pump Improvements  

 

Mechanical variability in centrifugal pump design dimensions, unlike  

traditional impeller trimming or ASD, has limited existing research and applications. However, 

given that relatively minor adjustments in the dimensions of the volute or impeller can 

significantly affect pump performance, “adaptive geometry”, or variability in these components, 

is an intriguing area for further exploration [2]. This thesis describes the potential of “adaptive 

geometry” as an alternative to, or possibly in conjunction with, popular pump improvement 

methods like ASD and permanent impeller trimming.  
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1.1.3.1 Harnessing the Power of Pump Geometry 

The volute and impeller are the two key components of a centrifugal pump. The impeller  

rotates in conjunction with a motor shaft (or other driver) to dispel liquid outward at higher 

velocity into the volute, which collects the liquid and raises its pressure [11]. Figure 1.2, from 

[11], shows the flow path from the pump’s inlet at the center of the impeller out through the 

volute discharge.  

 

 

                          Figure 1.2 - Centrifugal Pump Flow Path (Source: [11]. With Permission) 

 

As liquid moves through the impeller to the volute discharge, a lower pressure area is created at 

the impeller inlet, sucking more liquid into the pump [12].  

 

 

Figure 1.3 - Pressure and Velocity Profiles from Impeller Inlet to Volute Discharge (Source:         
[12]. With Permission.) 
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Figure 1.3, reproduced from [12], summarizes the pressure and velocity profiles from the 

impeller inlet through the volute discharge. The impeller raises the pressure and velocity of the 

liquid, with the volute further increasing the pressure and reducing the velocity. The centrifugal 

pump creates a differential pressure, usually expressed as head, that increases with decreasing 

flow rate, as shown by the characteristic head-capacity (H-Q), or performance, curve in Figure 

1.4 [12]. 

  While a variety of impellers and volutes exist, this thesis focuses on radial impeller, 

single volute centrifugal pumps. The design of the impeller and volute, particularly the specific 

dimensions of these components, can significantly impact the overall pump performance. Section 

2.1 details the connection between design and performance for both the volute and impeller. 

These elements, if designed with the ability to mechanically vary their key dimensions, could 

take advantage of the known consequences of geometry to benefit the pump’s overall efficiency 

and performance. As the thesis describes, the “adaptive geometries” could be achieved through 

specially developed mechanisms, innovative volute or impeller designs, or even creative 

applications of traditional impeller trimming, each strategy with its unique advantages and 

disadvantages.   

 

1.2 Pump Efficiency and the Best Efficiency Point 

 

The technology reviewed in this thesis focuses on improving centrifugal pump efficiency  

to save energy and increase the operational lifetime of system components. Understanding the 

meaning of pump efficiency and the theory behind predicting a pump’s best efficiency point 

(BEP) is crucial to appreciating the unique characteristics of the improvement methods presented 

in the following chapters.    

 

1.2.1 Basic Definitions and Equations 

 

The efficiency (η) of a centrifugal pump is defined as the ratio of its liquid horsepower to  

the power input to the pump’s shaft [11]. The liquid horsepower, or water horsepower (WHP), is 

the power output of the pump at a particular head, flow, and liquid specific gravity (s.g.) [12]. 
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The following equation, with volumetric flow rate of (Q) expressed in gallons per minute (gpm) 

and head (H) in feet, calculates a pump’s WHP for water [12]: 

 

𝑊𝐻𝑃 =  
𝑄 𝐻 𝑠. 𝑔.

,  

 
.  

   

 (1.1) 

 

Similarly, Brake Horsepower (BHP), the amount of power supplied to the shaft of a centrifugal 

pump at a specific head and flow, is calculated using the equation below [12]: 

 

𝐵𝐻𝑃 =  
𝑄 𝐻 𝑠. 𝑔.

,  

 
.  

   
∗  𝜂

 (1.2)  

 

Combining equations 1.1 and 1.2 produces the following ratio for the value of the pump’s 

efficiency [12]: 

 

𝜂 =  
𝑊𝐻𝑃

𝐵𝐻𝑃
=  

𝑄 𝐻 𝑠. 𝑔.

,  

 
.  

   
∗

 (1.3) 

 

The efficiency curve for a centrifugal pump typically forms a parabolic shape across the range of 

supplied capacities, as shown in reference to the BHP and performance curves in Figure 1.4 [12]. 

The maximum of the efficiency curve is known as the pump’s best efficiency point (BEP).     
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Figure 1.4 - Basic Pump Curve Forms (Source: [12]. With Permission.) 

 

The BEP occurs at the maximum of a centrifugal pump’s mechanical (ηm), volumetric 

(ηv), and hydraulic efficiencies (ηh) [11]: 

 

𝜂 =  𝜂   𝜂   𝜂   (1.4) 

 

Maximum mechanical efficiency occurs from minimizing bearing, stuffing box, and disk-friction 

losses, while volumetric efficiency accounts for losses due to internal leakage [11]. Hydraulic 

efficiency is maximized when liquid friction losses in the impeller, volute, and other flow 

passages are at a minimum [11]. The relative importance of each efficiency type and the value of 

the overall efficiency varies widely among centrifugal pump models [12].  

Centrifugal pumps are traditionally intended to operate at or near the flow rate 

corresponding to their designed BEP. The system curve represents the head requirements of a 

given pumping system over a range of flow rates [12]. The intersection of the system curve and 

performance (H-Q) curve dictate the pump’s operating point, as shown in Figure 1.5. Ideally, the 

pump is properly selected so that its operating point normally coincides with the BEP. Numerous 

negative effects may result from off-BEP operation aside from reduced efficiency, including 

cavitation, bearing and mechanical seal degradation, as well as excessive impeller wear [13].    
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                    Figure 1.5 - System Curve and Pump Operating Point 

 

Figure 1.6, summarizes the potential effects of pump operation at flow rates above or below the 

pump’s BEP [13]. 

      

 

Figure 1.6 - Potential Effects of Off-BEP Pump Operation [13] 

 

Designing a centrifugal pump to operate at the appropriate BEP for its application is critical to 

achieving both maximum efficiency and component lifetime.  
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1.2.2 Volute and Impeller Characteristic Lines 

 

The intersection of two characteristic equations, the “impeller line” and “volute line”, 

predicts the location of the BEP for a centrifugal pump [11]. The equations for these lines, 

derived from basic pump theory principles, are based on the performance characteristics and 

geometry of a particular pump. Published and experimentally supported in the early 1960s, these 

characteristic lines are valuable tools that use theoretical analysis to predict how the design of a 

pump will affect its performance [14].  

 

1.2.2.1 “Volute Line”    

A centrifugal pump’s volute, particularly the throat area (AT), is typically designed based 

on the theorem of angular momentum conservation, which supports rotational symmetry around 

the impeller and minimizes the interaction between the volute and impeller [15]. Based on 

Newton’s Second Law of Motion, the change in angular momentum around the volute must 

equal the sum of the external torque and friction moments [15].  Figure 1.7, adapted from [11], 

shows the cross-sectional area of a centrifugal pump distributed about its base circle, increasing 

with the angle θ from a value of zero at the tongue to the final throat area.    

 

 

         Figure 1.7 - Volute Casing Polar View (Source: Adapted from [11]. With Permission.) 
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Provided that there are no external moments, the following relationship is derived [15]: 

 

𝜌 𝑄 𝑟  𝑉 − 𝑟  𝑉 , = 𝑀 +  𝑀  (1.5) 

 

𝜌 𝑄 𝑟  𝑉 − 𝑟  𝑉 , = 0 (1.6) 

 

𝑟  𝑉 = 𝑟  𝑉 ,  (1.7) 

 

In the above equations, rT is the radial distance from the axis of rotation to the volute throat, r2 is 

the radial distance from the axis of rotation to the impeller outlet, and Vθ,2 is the absolute velocity 

in the circumferential direction at the impeller outlet. The reduced velocity from the impeller 

outlet to the throat results in an increase in static pressure, which is balanced out by friction 

losses so that, in practice [11]: 

 

𝑟  𝑉 ≅ (0.9 − 0.95) 𝑟  𝑉 ,  (1.8) 

  

Equation 1.8 will not hold true at “off-BEP” conditions, indicating an improperly sized volute 

and resulting in undesirable circumferential static pressure distributions [11].  

Assuming equation 1.8 is satisfied, a volute line can be derived to plot the theoretical 

relationship between head and flow for a given set of volute characteristics. First, equation 1.5 is 

collapsed and then slightly modified to express delivered power rather than torque by 

multiplying both sides of the equation by the angular velocity of the impeller (ω): 

 

𝜔 (𝑀 +  𝑀 ) = (𝜌 𝑄 (∆(𝑟 𝑉 )) ) 𝜔 (1.9) 

 

𝑃 =  𝜌 𝑄 ∆(𝑈 𝑉 ) (1.10) 

 

Next, the First Law of Thermodynamics is applied to express the ideal power input to the fluid in 

terms of the pump head [11]:  

 

𝑃 = 𝑔 ∆𝐻 𝜌 𝑄 (1.11) 
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Combining equations 1.10 and 1.11, rearranging, and expanding: 

 

𝑔 ∆𝐻 𝜌 𝑄 =  𝜌 𝑄 ∆(𝑈 𝑉 ) (1.12) 

 

𝑔 ∆𝐻 =  ∆(𝑈 𝑉 ) (1.13) 

 

𝑔 ∆𝐻 =  𝜔 ∆(𝑟 𝑉 ) (1.14) 

 

𝑔 ∆𝐻 =  𝜔 (𝑟  𝑉 −  𝑟  𝑉 ) (1.15) 

 

Given no inlet pre-whirl, the value of Vθ1 is zero [11]. Finally, substituting equation 1.8 (with an 

assumed value of 0.925) into equation 1.15, applying the relationship that 𝐴 =   and 

rearranging: 

 

𝑟  𝑉 = 0.925 
𝑔 ∆𝐻

𝜔
  (1.16) 

  

𝑟  
𝑄

𝐴
= 0.925 

𝑔 ∆𝐻

𝜔
 (1.17) 

 

∆𝐻 =  
𝑄 𝑟  𝜔

0.925 𝑔 𝐴
 (1.18) 

 

Equation 1.18 is the characteristic line for a volute with a particular set of design parameters for 

the throat radius and area. When combined with the impeller characteristic line developed in the 

next section, this volute characteristic line is useful in predicting the BEP of a given centrifugal 

pump.  
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1.2.2.2  “Impeller Line” 

The positive-sloped volute line derived in the previous section will intersect the  

negative-sloped impeller line at the theoretical BEP of the volute and impeller pump 

combination. Similar to equation 1.18, this impeller characteristic line can be developed using 

basic centrifugal pump theory concepts and equations. Figure 1.8 below, adapted from [11], 

shows the exit velocity triangle at the impeller blade trailing edge.  

 

 

Figure 1.8 – Impeller Blade Exit Velocity Triangle (Source: Adapted from [11]. With 
Permission.)       

 

Inspection of the exit velocity triangle given in Figure 1.8 expresses the absolute velocity vector 

in the circumferential direction at the blade’s trailing edge: 

 

𝑉 =  𝑈 −  
𝑉

tan 𝛽
 (1.19) 
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Next, combining equation 1.19 with equation 1.15 and again assuming zero inlet pre-swirl so 

that the value of the absolute velocity in the circumferential direction at the blade’s leading edge 

can be neglected:  

 

∆𝐻 =  
𝑈

𝑔
−  

𝑈  𝑉

𝑔 tan 𝛽
  (1.20) 

 

Additionally, the following equations, excluding blade and boundary layer blockage, represent 

the total impeller volumetric flow rate, where b2 is the width of the impeller outlet in the 

meridional plane [11]: 

 

𝑄 =  𝐴  𝑉  (1.21) 

 

𝑄 = 2 𝜋 𝑟  𝑏  𝑉  (1.22) 

 

Finally, combining equations 1.20 and 1.22, the impeller characteristic equation is derived:  

 

∆𝐻 =  
𝑈

𝑔
− 

𝑈  𝑄

𝑔 2 𝜋 𝑟  𝑏  tan 𝛽
 (1.23) 

 

Figure 1.9, reproduced from [14], shows the characteristic lines for three volutes with varying  

dimensions. These volute lines intersect the impeller characteristic line at the theoretical BEP for 

each pump. The characteristic lines are a useful design tool to anticipate the effect of varying  

the impeller or volute geometry on a pump’s BEP. 
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Figure 1.9 - Volute and Impeller Lines Intersect at the BEP (Source: [14]. With Permission.) 

 

1.2.3 Expanding the Efficiency Island 

 

Equations 1.18 and 1.23, derived in the previous section, show how the characteristics of  

a pump’s volute and impeller can predict its theoretical BEP. Figure 1.9 illustrates the effect of 

varying the volute throat dimensions on the pump performance curve and BEP. Even relatively 

minor adjustments to the geometrical characteristics of a volute or impeller significantly impact 

the BEP. While this BEP occurs at the maximum of the efficiency curve, as shown in Figure 1.4, 

operation approximately within a ten percent margin of the BEP is typically acceptable and 

manufacturers generally publish their pump data with the highest efficiency over a range of flow 

rates [13].  

  Figure 1.10 shows sample performance and efficiency curves for a centrifugal pump 

with efficiency curves sketched in blue and performance curves in black.  
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       Figure 1.10 – Centrifugal Pump “Efficiency Island” (Source: [16], [17].) 

 

The area shaded in red represents the “efficiency island”, or ideal operating range, of this model 

pump [17]. Although the efficiency island of a centrifugal pump is selected to suit a particular 

application, expanded or alternate operating regions may be required under countless scenarios. 

In reality, centrifugal pumps spend a substantial portion of their operating time at off-BEP 

conditions for many reasons including pump design availability, conditions of the pumping 

system components, and system demand/requirements [11]. The ability to expand the efficiency 

island could improve efficiency and operating performance by allowing a pump to operate closer 

to the BEP across a wider range of flows.  

To modify the pump’s operating point, a throttling valve may be adjusted to shift the 

system curve, as shown in Figure 1.11. As the system throttling valve is shut, the system curve 

steepens and the operating point shifts to the new intersection of the performance and system 

curves.     
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              Figure 1.11 - Operating Point Shift 

 

In the example provided in Figure 1.11, the pump would be operating at reduced efficiency 

following the system curve shift, assuming its BEP coincided with the original operating point. 

Expanding the efficiency island for a given pump would allow it to both operate at higher 

efficiency over a wider range of flows and prevent the detrimental effects identified in Figure 

1.6. Varying the geometrical constraints in the volute and impeller characteristic lines to produce 

alternate BEP intersections with a variable volute or impeller designed for this purpose could 

facilitate this expanded efficiency island.   
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2 Evaluation of the State of the Art 

 

2.1 The Significance of Volute and Impeller Geometry 

 

The volute and impeller characteristic equations derived in section 1.2.2 show the impact 

of particular design variables on the BEP of a centrifugal pump. Examining these parameters and 

their significance in the basic design process of volutes and impellers is important to 

understanding the manner in which the geometry of these components affects the overall 

performance of a centrifugal pump. This connection is key to developing pump improvements 

that take advantage of volute and impeller geometry, such as the ability to shift the BEP and 

expand the efficiency island.    

 

2.1.1 Volute Design and Pump Performance 

 

Centrifugal pump volutes are relatively under-studied components compared to impellers.  

However, section 1.2 shows that volute design is a significant factor in determining a pump’s 

BEP and performance characteristics, particularly for high specific speeds. Creating a volute 

with adjustable geometry can shift a pump’s volute characteristic, theoretically producing an 

expanded efficiency island [17]. Analyzing the variables in the volute characteristic equation 

1.18 and the typical volute design process reveal the specific parameters that could facilitate 

variability. That is, for a set impeller geometry and angular speed, varying the volute’s throat 

area directly impacts the flow rate at which its BEP occurs.   

 The volute characteristic curve theoretically steepens with decreasing throat area, 

assuming all other variables are held constant. This relationship is mathematically apparent in 

equation 1.18 and is also demonstrated in Figure 1.9. The required throat area for a given pump 

is calculated based on conserving angular momentum in the volute, as discussed in section 

1.2.2.1. The volute cross-sectional area increases around the center of rotation from a value of 

zero at the cutwater to the calculated throat area [11]. These cross-sections are traditionally 

designed to either maintain constant tangential velocity or constant angular momentum, with the 

constant velocity method generally preferable for low specific speed pumps [15]. The cross-
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sections can be rectangular, circular, and trapezoidal, with relatively minor differences in 

efficiency [15]. Diagrams of three different volute cross-section shapes, reproduced from [15], 

are shown in  Figure 2.1.  

 

 

                Figure 2.1 - Volute Cross-Section Shapes (Source: [15]. With Permission.) 

    

 In the case of a rectangular volute, the principle dimensions of the throat cross-section are 

the height, a3, and width, b3. These values are chosen to meet the needs of a particular design, 

accounting for the impeller dimensions and maintaining the height-to-width ratio relatively close 

to unity to ensure an efficient path to the discharge nozzle [15]. Impeller dimensions that are 

particularly important to consider are the width of the impeller outlet in the meridional plane, b2, 

and the meridional distance between the volute cutwater and impeller outlet, “Gap B” [11]. For 

example, low specific speed pumps typically have a b3/b2 ratio in the range of 2.0 to 4.0 [15].  
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Figure 2.2 - (a) Volute Polar View (Source: Adapted from [15].), (b) Volute Meridional View 
(Source: Adapted from  [11].) (With Permission.) 

 

Figure 2.2 shows the dimension a3 in a polar view of the volute adapted from [15] and the throat 

width b3 in a meridional view from [11]. Varying one or both of these volute throat dimensions 

to modify the throat area directly impacts the pump’s volute characteristic equation and BEP. For 

a given volute and impeller combination, adjusting the a3 and/or b3 values while maintaining 

other design parameters constant could theoretically create an expanded efficiency island by 

shifting the BEP over a range of flow rates.   

 

2.1.2 Impeller Geometry and Pump Performance 

 

The design process for centrifugal pump impellers has been thoroughly researched and  

documented [11], [15]. Parameters of importance include the aforementioned impeller outlet 

width, b2, number of blades, and impeller inlet and outlet diameters. Variables that directly 

impact the impeller characteristic equation 1.23 are b2, the impeller radius from the center of 

rotation, r2, and the impeller blade outlet angle, β2. Adjusting these parameters will affect the 

slope of the impeller line and potentially shift the pump’s BEP. Impeller trimming, one method 

of varying impeller geometry that reduces the radius, is commonly practiced in order to modify 

pump performance.   
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2.1.2.1 The Effect of Impeller Trimming on Pump Performance Curves   

Impeller trimming is the process of permanently reducing the diameter of an existing  

impeller design to modify the performance characteristics of a centrifugal pump. The reduction is 

often performed to remedy an oversized pump or respond to a change in system operating 

requirements. In practice, impellers are trimmed no more than ten to twenty percent of their 

original diameter [11]. Relatively larger trims, greater than five or six percent, negatively impact 

a pump’s maximum efficiency proportional to the size of the trim [18]. Assuming a relatively 

minor diameter reduction, the decrease in the r2 value will mathematically affect the impeller 

characteristic equation 1.23 and shift the impeller and characteristic line intersection, and the 

resulting BEP, to a lower flow rate. Also, while the trimming may affect the angle β2, filing the 

blade tips can correct the change [11].  

The “affinity laws” (also known as similarity laws) predict the effect of a given diameter 

reduction on the pump performance and power curves. For impeller trimming, the particular 

scaling method determines the appropriate derivation of the affinity laws. For example, 

geometric scaling assumes that b2 is scaled proportional to the impeller diameter such that the 

impeller outlet area (A2) scales proportionally to the diameter squared [19]. Alternatively, 

constant-width scaling assumes that the b2 length remains unchanged, while constant-area 

scaling depends on a constant A2 value [19]. More specifically, in the case of constant-area 

scaling, b2 must increase with the diameter reduction, which is characteristic of many impeller 

designs [11]. 

 Regardless of the scaling method, the affinity laws derivation depends on the following 

relationship for the impeller outlet meridional velocity [11]: 

 

𝑉 ∝ (𝜔 𝑟 )  ∝  (𝑛 𝐷) (2.1) 

 

Using the constant-area method, the affinity laws can then be derived beginning with the total 

impeller outlet volumetric flow rate equation 1.21 [11]. Assuming that A2 is constant and using 

the results of equation 2.1 [11]: 

 

𝑄 = (𝐴  𝑉 )  ∝  (𝑛 𝐷) (2.2) 
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At the previous flow rate and constant efficiency, equation 1.13 shows that, since head is the 

product of two velocities, the following relationship must be true [11]: 

 

Δ𝐻 ∝  [(𝜔 𝑟 ) (𝜔 𝑟 )]  ∝  (𝑛 𝐷)  (2.3) 

 

Finally, applying the proportionalities determined in equations 2.2 and 2.3 to equation 1.11 

determines the fluid power [11]:  

 

𝑃 = (𝜌 𝑄 𝑔 Δ𝐻)  ∝  (𝜌 𝑛  𝐷 ) (2.4) 

 

Equations 2.2 and 2.4 depend on the principles of the constant-area scaling method. If geometric 

scaling were instead applied, equations 2.2 and 2.4 would be as follows [19]: 

 

𝑄 = (𝐴  𝑉 )  ∝  [(𝐷 ) (𝑛 𝐷)]  ∝  (𝑛 𝐷 ) (2.5) 

 

𝑃 = (𝜌 𝑄 𝑔 Δ𝐻)  ∝  (𝜌 𝑛  𝐷 ) (2.6) 

 

Continuing with the constant-area method, equations 2.2, 2.3, and 2.4 provide the final pump 

affinity laws [11]:  

 

𝑄

𝑄
=  

𝑛  𝐷

𝑛  𝐷
 (2.7) 

 

𝐻

𝐻
=  

𝑛  𝐷

𝑛  𝐷
 (2.8) 

 

𝑃

𝑃
=  

𝑛  𝐷

𝑛  𝐷
 (2.9) 

 

In the above equations, the subscripts represent the initial (1) and final (2) values of the given 

parameters. Assuming that the impeller rotation speed (n) remains constant, these “affinity law” 
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equations calculate the changes in a pump’s performance and power curves for a specific 

diameter reduction. Figure 2.3 below, reproduced from [18], provides an example of the 

resulting performance curve and BEP shifts from increasingly large impeller trims.   

 

 

Figure 2.3 - Impeller Trimming Performance Curve and BEP Shifts (Source: [18]. With 
Permission.) 

 

In Figure 2.3, the ensuing maximum efficiency drop from trimming impellers to smaller 

than the eight-inch diameter (green, purple, and brown performance curves) highlights the 

importance of only considering relatively small reductions. However, a trim of six percent or less 

(not shown in Figure 2.3) results in negligible efficiency change from the original full size 

example [18]. Equation 2.9 and the example given in Figure 2.3 show that even relatively minor 

impeller trims can produce significant power reductions with little or no decrease in maximum 

efficiency. For this reason, based on a small change in final diameter, impeller trimming is an 

attractive method to create energy savings in a pumping system.   

 

2.1.2.2 Alternative Impeller Geometry Modifications 

Impeller trimming is one option to modify centrifugal pump performance, but  

maintaining a constant impeller diameter and altering other parameters in the characteristic 

equation is possible as well. For example, the impeller dimensions can be varied in the axial 

direction, thus changing the b2 variable in the characteristic equation. Decreasing the b2 value 
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tends to shift the pump’s BEP leftward, to lower flow rates, similar to reducing the radius via 

impeller trimming. Figure 2.4 shows an example of three impeller designs with ten percent 

differences in b2 values. Appendix A.1 provides a sample MATLAB code for plotting impeller 

and volute characteristic lines (equations 1.18 and 1.23).      

 

 

Figure 2.4 - Impeller Characteristic Lines, Differing b2 Values 

 

Aside from the b2 width, the blade angle β2 can also affect pump performance. Modifying 

parameters such as the b2 and β2 values affects the impeller and volute characteristic curves as 

shown in equations 1.18 and 1.23. The resulting changes are similar in scope to those that volute 

geometry alterations produce by shifting the volute characteristic curve.   

 

2.2 VFD Technology and Pump Performance 

 

Variable Frequency Drives (VFD), a common type of Adjustable Speed Drive (ASD), 

utilize solid-state technology and allow the shaft speed of a motor to be controlled by altering the 

frequency of its applied power [12]. This is accomplished by varying the frequency of the 

alternating current (AC) supplied to the motor’s stator coils, regulating the rotational speed of the 
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magnetic field and, in turn, the rotor [12]. Controlling the motor speed in this manner can create 

significant advantages in pump performance but may not be the ideal solution for every system.  

 

2.2.1 The Advantages of VFD Operation 

 

Adjusting the impeller speed results in similar changes to pump performance curves as  

impeller trimming. The affinity laws provided in equations 2.7-2.9 predict the resulting 

performance and power curve for speed changes with the impeller diameter held constant. Figure 

2.5 provides an example of the potential energy savings from lowering the speed of a centrifugal 

pump.  

 

 

Figure 2.5 - Pump Curve Shift and Energy Saved from VFD Operation [12] 

 

Since the power consumed by a centrifugal pump is proportional to its flow rate times pressure, 

the shaded gray and blue rectangles in Figure 2.5 illustrate the substantial difference in the power 

required at low and high speeds respectively [12]. Similar to a reduction in impeller diameter, 

reducing pump speed can substantially decrease the power required to operate a pump.  

  Affecting pump performance through the affinity laws, with either VFD or impeller 

trimming, is considerably more efficient than the Figure 1.11 throttling method. Figure 2.6 

shows an example in which valve throttling shifts the system curve to reduce the operating point 

from flow rate A to B [12].  

 



46 
 

 

Figure 2.6 - Power Wasted from Throttling to Control Pump Performance [12] 

 

The blue rectangle in Figure 2.6 illustrates the additional power required to operate the pump at 

the lower flow rate after shifting the system curve. If the pump curve were instead moved down 

along the original system curve using VFD, as the gray shaded rectangle shows, then 

considerably less power would be required to operate at flow rate B. Adjusting the operating 

point with control valve throttling typically results in excess power consumption and pump 

operation at higher head than vertically shifting the pump performance curve.  

 While VFD and impeller trimming share the same affinity laws, VFD presents a more 

dynamic solution since, unlike impeller trimming, VFD is non-permanent and can conveniently 

shift the pump performance curve in response to real-time operating demands. Additionally, the 

maximum efficiency generally remains the same for even relatively large changes in pump 

speed, as shown in Figure 2.7, reproduced from [18]. 

 



47 
 

 

            Figure 2.7 - Maximum Efficiency and Pump Speed Changes (Source: [18]. With Permission.) 

 

Since the impeller and volute geometry remains unchanged with VFD operation, efficiency 

losses due to increased recirculation and other sources are not a concern. Figure 2.7 and the volute 

and impeller characteristic equations also show that, since the BEP shifts to lower flow rates at 

lower speeds, a pump can operate closer to its maximum efficiency at lower flows with VFD as 

opposed to control valve throttling. Depending on the application, VFD may have significant 

advantages over valve throttling and impeller trimming for its ability to expediently shift the 

performance curve with limited loss in maximum efficiency. 

 In addition to its energy saving potential, operation with VFD may increase the longevity 

of a motor and pump. By operating at a slower speed, a centrifugal pump experiences reduced 

lower radial and axial bearing loads, improving bearing and seal lifetime [12]. Also, operating 

closer to BEP prevents erosive damage from internal recirculation (more fluid flow in total over 

a surface and potential for cavitation) and is generally more stable [12]. Finally, VFD allows the 

operator to “soft-start” the pump at a slower speed, avoiding damage to the motor and excess 

electricity costs that high starting current can create [12]. While VFD produces similar effects on 

the pump performance curve as impeller trimming, it presents unique advantages that could 

prove beneficial in a suitable system.  
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2.2.2 VFD Limitations and Disadvantages 

 

VFD has the potential to create substantial energy savings in a pumping system, but it is  

not always a feasible solution. Figure 2.5 shows that, with the downward shift in the pump 

performance curve that VFD operation facilitates, the pump head necessarily decreases for all 

flow rates. This reduction in head may or may not be an acceptable effect for a given application. 

For example, VFD could function well in systems that require constant flow for variable head, 

like swimming pool circulation pumps [12]. Additionally, VFD could benefit systems that are 

oversized or have changing head and flow demands. However, lowering the performance curve 

may be impractical given the characteristics of a particular pump or system. VFD is also not 

usually suitable in systems with relatively flat head curves, since efficiency will significantly 

decrease as the pump curve is lowered [20].        

 VFD, even if well-suited to a specific application, is not without disadvantages. First, 

although operating with VFD does not significantly affect the hydraulic efficiency, it does 

impact the overall efficiency (ηoverall) [11]:      

 

𝜂 =  𝜂   𝜂    (2.10) 

 

In equation 2.10, ηmotor sys is the overall motor system efficiency that the following equation 

defines, where ηVFD is the VFD efficiency and ηequip. is the efficiency of the motor-drive 

equipment [21]: 

 

𝜂  =  𝜂  𝜂    𝜂 . (2.11) 

 

Equation 2.10 can also be expressed in the “wire-to-water” efficiency format [11]: 

 

𝜂 =  
𝑤𝑎𝑡𝑒𝑟 𝑝𝑜𝑤𝑒𝑟

𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛𝑝𝑢𝑡
 (2.12) 

 

The VFD efficiency in equation 2.11  tends to be lower at reduced motor loads and smaller 

horsepower ratings [21]. While the exact efficiency depends on the particular manufacturer and 
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VFD, Table 2.1 provides typical values for various horsepower ratings and loadings source from 

[21].  

 

 

                                   Table 2.1 - Typical VFD Efficiency Values (Source: [21].) 

 

While VFD efficiency is usually high, its impact on the overall efficiency must be considered to 

ensure that the technology is an economical solution for a given system.  

 Harmonic vibrations are another drawback of VFD operation, which occur when high-

frequency waveforms superimpose onto the fundamental frequency of a circuit, distorting the 

voltage or current wave shapes [22]. Non-linear loads, such as VFD, create these harmonic 

frequencies, which combine to create a complex waveform that can negatively impact the power 

distribution system [22]. Adverse effects include overheating in system components like 

transformers and cabling, as well as interference with computers and other sensitive electronic 

equipment [23]. Mitigation methods like filters can help to reduce VFD harmonics, but 

complexity and cost generally increase with effectiveness [23].  

 The addition of VFD to a pumping system introduces several other disadvantages along 

with reduced efficiency and harmonics complications. For instance, VFD involves an initial 

purchase cost, dependent on the model and power rating required, that must eventually be 

recouped in power savings to make it a worthwhile investment [8]. The costs that this additional 

equipment impose continue once incorporated into the system. That is, VFD consists of complex 

electronics that must be properly maintained and, when malfunctioning, may render the entire 

system out of service [8]. VFD is also sensitive to environmental factors like dust and moisture 
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and must be appropriately designed or protected based on its operating location [8]. The potential 

advantages of VFD must be carefully balanced against its drawbacks. While VFD can create 

considerable energy savings for certain systems, its limitation show that the development of 

alternative solutions could be beneficial when VFD is an impractical option. See Table 5.3 for a 

summary of VFD advantages and limitations.           

 

2.3 The Potential of Variable Impellers 

 

A variable impeller design could theoretically present an alternative option for scenarios in 

which VFD is impractical. The affinity laws (equations 2.7-2.9) show that impeller diameter and 

speed similarly affect the pump performance and power curves. Section 2.1.2.1 explains that, for 

relatively small diameter reductions, impeller trimming also has limited negative effect on 

maximum pump efficiency. However, unlike VFD, impeller trimming is traditionally a static 

solution that does not allow convenient adjustments in diameter to respond to changing system 

demands. Still, the challenges of incorporating technology like VFD into certain systems, 

including those on Navy ships, calls for further innovation in the solution space.  

 

2.3.1 Review of Existing Variable Impeller Technology 

 

A variable impeller is relatively simple in concept but significantly more complicated in  

execution. As a result, there has been limited development and implementation of potential 

designs. While numerous patents focus on specific improvements to increase centrifugal pump 

efficiency, few present variable impeller concepts. Those that exist, namely [24] and [4], are 

radial impellers that provide axial variability through differential pressure adjustments to the 

impeller width b2. 

 

2.3.1.1 Radial Impellers, Axially Variable 

The functionality of radial impellers with variability in the axial direction is based on the  

fundamental pump design theory outlined in previous sections. Equation 1.22 shows that, as the 

b2 width increases, the value of the meridional velocity at the impeller blade outlet (Vm2) 
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decreases based on continuity of mass. Figure 2.8, adapted from [15], provides a larger view of 

the exit velocity triangle shown in Figure 1.8. Assuming that the angles β2 and α2 remain the 

same and no flow separation, basic trigonometry dictates that the absolute velocity in the 

circumferential direction at the impeller outlet (Vθ2) increases as Vm2 increases. Given these 

assumptions, the U2 value and pump head also increase [15]. The final result is that, in addition 

to the BEP shift previously predicted in Figure 2.4, pump head rises with increasing b2 and the 

performance curve tends to flatten [15]. 

   

 

Figure 2.8 - Impeller Blade Exit Velocity Triangle Close-Up (Source: Adapted from [15]. 
With Permission.) 

 

   Figure 2.9, adapted from [24], presents an example of a radial impeller, variable in the 

axial direction. The diagram shows retractable impeller blades designed to vary the b2 value to 

affect pump performance.    
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          Figure 2.9 - Axially Variable Impeller Presented in [24] (Source: Adapted from [24].) 

 

The impeller is adjustable through the counteraction of the spring, which drives the spindle away 

from the pump suction, and the cylinder pressure, which pushes the spindle in the opposite 

direction [24]. The exit chamber pressure determines the cylinder pressure through equalization 

via the labeled passages [24]. The operator may adjust the exit chamber pressure and, in turn, the 

cylinder pressure with the pressure regulator, even while the pump shaft is turning [24]. 

Recirculation through the gap created when the blades are fully retracted in the  Figure 2.9 model 

could cause efficiency loss, but [24] presents design modifications that could alleviate this issue.  

 Figure 2.10, adapted from [4], shows an alternative design for an axially variable 

impeller. This version, unlike the concepts provided in [24], automatically adjusts in response to 

system back pressure, eliminating the need for a manual pressure regulator.  
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       Figure 2.10 - Axial Impeller Design from [4] (Source: Adapted from [4].) 

 

In the Figure 2.10 design, the movable shroud is depressed as pressure builds in the control 

cavity [4]. This pressure results from equalization through the pipe when back pressure fluid in 

the pump outlet increases as system demand decreases [4]. When flow demand on the pump 

rises, the shroud is biased to the maximum b2 position through means such as a spring [4]. This 

impeller design includes a novel characteristic to increase head at low flow rates. A “plurality of 

recessed grooves”, shown in Figure 2.11 (adapted from [4]), provide a “supplemental pumping 

means” when the shroud is fully closed [4]. 
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                              Figure 2.11 - "Recessed Grooves" in [4] (Source: Adapted from [4].) 

 

Raising the pump shutoff head through the Figure 2.11 feature could allow the variable impeller 

to match the shutoff head of other pumps in a given system, preventing subsequent damage from 

the variable pump falling below system head if its maximum output were lower than the output 

of the other pumps [4].  

 

2.3.1.2 The Performance of Axially Variable Impellers 

   Figure 2.12, adapted from [4], shows the variation in pump performance curves through 

the implementation of an axially variable (radial type) impeller. On the plot, Curve 1 is the 

original performance curve, Curve 2 is the performance curve for a variable impeller without the 

“recessed grooves”, and Curve 3 is for the impeller design with recessed grooves [4]. The end 

points of Curve 2 and Curve 3 shift from point A to B as the impeller shroud moves from the 

fully closed position to maximum open [4]. The variation between Curve 1 and Curve 2 in   

Figure 2.12 demonstrates the previously outlined theory behind axially variable impellers. That 

is, as the b2 value decreases, the pump head decreases, and the performance curve steepens.  
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                  Figure 2.12 - Axially Variable Impeller Pump Performance Curves (Source: [4].) 

 

 While the pump performance curves provided in   Figure 2.12 match expectations, there 

is no testing data published for either the [24] or [4] impeller designs. Furthermore, the lack of 

experimental data makes predicting the BHP curves for the axially variable impellers 

challenging. Theoretically, based on equation 1.2, the power required to operate the   Figure 2.12 

Curve 2 impeller should always be lower than the original Curve 1 model. However, in reality, 

the actuation required to support variability in these impellers could negate much of the BHP 

reduction [25]. For example, the blade shrouds in both designs may increase the impeller radius 

in the process of reducing the b2 length, affecting the pump performance and power 

consumption. Also, some amount of recirculation is necessary for the variability of the [4] 

design, also identified as a potential issue in [24]. However, without additional information, the 

exact performance, efficiency, and BHP curves are difficult to predict for either model.         

 

2.3.2 The Future of Variable Impellers  

 

The axially variable impeller designs described in the previous section 2.3.1.1 are both  

over twenty years old, but neither has experienced widespread implementation or popularity in 

the pumping industry. The impellers detailed in [24] and [4] are only two possibilities for 

variable designs, and there is still potential for the development of new concepts. However, the 
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lack of advancement in the variable impeller trade space over the past two decades highlights the 

importance of carefully considering the potential drawbacks of related technologies.  

    

2.3.2.1 Alternative Variable Impeller Design Concepts 

Radially variable impellers are a theoretical alternative to the existing axially adjustable  

concepts. A radially variable impeller would modify the radius r2 value to impact pump 

performance, rather than the b2 length. In this way, a radially variable design would allow a 

pump to temporarily operate with a trimmed impeller. The pump would benefit from the impeller 

trimming advantages outlined in section 2.1.2.1, with the convenience of performance variance 

that ASD technology provides. Figure 2.13 shows a “piggyback” impeller, one potential option 

for a radially variable design.      

 

                              Figure 2.13 - "Piggyback" Radially Variable Impeller 

 

The “piggyback” concept consists of two possible impeller outlets, with the original diameter 

pathway on top and the smaller, “trimmed” diameter on bottom. An adjustable sheath through 

the impeller inlet directs flow to one of the outlets, depending on the operator’s preference.  

While this model offers temporary impeller trimming, only one alternative diameter is 

possible, limiting its operational flexibility compared to ASD. Other obstacles to implementation 

of the “piggyback” impeller include the design for the internal sheath, which must somehow be 

accessible external to the volute to allow selection between the two diameters. Since the impeller 

outlets could not be centered axially in the volute, testing would also be required to determine if 

this off-center placement impacts the pump’s hydraulic efficiency. Overall, the “piggyback” 

impeller is one potential solution with significant design challenges to implement.  
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Another possible concept for a radially variable impeller could involve retractable impeller 

blades. The adjustability of the blades would allow increased control over pump performance, 

since a range of impeller diameters would be possible. However, creating a functional design 

would be very difficult. For example, controlling the position of the blades external to the volute 

would present a significant challenge compared to varying the b2 value in the axially variable 

designs. Once this obstacle is overcome, the blades would have to be configured so that their 

retractability does not impact the impeller flow passages and, in turn, the hydraulic efficiency of 

the pump. Even if a working prototype could be completed, the features supporting variability 

could negatively impact efficiency, negating any energy saved through the affinity laws. Similar 

to the “piggyback” impeller, the concept of a radial, retractable impeller is completely theoretical 

and may not be sensible in practice.        

 

2.3.2.2 Potential Pitfalls of Variable Impellers 

Variable impeller concepts are fundamentally difficult to implement mechanically. In the  

case of close-coupled centrifugal pumps, the location of the impeller within the watertight volute 

complicates its accessibility to any externally operated mechanism to adjust the b2 or r2 values. 

Also, given that high specific speed impellers are typically rotating thousands of times per 

minute, varying the dimensions, particularly the radius, is a significant challenge while the pump 

is operating. Furthermore, every dimension of the impeller, from the angle and width of its 

blades to its inner diameter, directly affects a pump’s performance. Especially for the radially 

variable concepts, it may be difficult to facilitate variation of the radius without affecting the 

other impeller dimensions.  

 Although its dimensions are highly sensitive, the impeller itself is a relatively simple, 

sturdy component, with no moving parts and limited modes of failure. Complicating the impeller 

to render it variable will necessarily introduce new maintenance concerns and any benefits 

gained may not be worth the additional hassle. To be successful, a variable impeller’s advantages 

must outweigh its own disadvantages and those of popular ASD solutions. Overall, the lack of 

implementation or progress in the decades since the [24] and [4] designs shows that there may 

not be a sizable market for complex impellers in the presence of simpler alternatives.   
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3 Investigating the Lifetime Energy Efficiency Potential of 

Variable Volutes 

 

3.1 Variable Volute Performance Predictions 

 

The impeller, as the rotating component of the centrifugal pump, may seem to be the  

workhorse and most critical feature. However, the volute performs a vital role in the pumping 

process and, as section 2.1.1 describes, its design significantly affects the pump’s BEP and 

performance. While the impeller increases the energy of the system, the volute diffuses the flow 

and converts a dynamic pressure to a static pressure rise. Regardless, existing literature tends to 

focus on the particulars of impeller design, sometimes completely ignoring the volute. Of the 

available patents and research, none appears to capture the power of the volute line (equation 

1.18) to develop a variable volute that can expand a pump’s efficiency island and increase the 

lifetime energy efficiency by adapting to varying demand. Hilary Johnson, Ph.D. candidate at 

MIT, is working to create an adjustable volute with the capability to shift the pump’s BEP to a 

more optimal flow rate based on system demand [2]. Such a design could operate independently 

or possibly in conjunction with other pump improvements to increase pump efficiency and avoid 

the negative consequences of off-BEP operation described in Figure 1.6. 

 

3.1.1 Review of Current Variable Volute Research and Data 

 

Published research on the connection between the volute throat area dimensions and  

pump performance is relatively limited in scope. R.C. Worster presented the concept of equation 

1.23 in the early 1960s in [14], and other references, including [26], have built on the idea in the 

following decades. More recently published computation fluid dynamics (CFD) experiments 

predict the effect of specific throat area variances or volute shapes on pump performance.  
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3.1.1.1 Recent CFD Studies on Volute Design 

Published CFD research that explores the connection between volute throat area and  

pump performance generally show similar results. For example, one study by Yang et al., 

published in 2011, shows distinct variations in the performance and efficiency curves [27]. Using 

CFD, Yang et al. investigated four volute cross-sections with increasing areas of 3,085 mm2, 

3,472 mm2, 3,968 mm2, and 4,629 mm2. Figure 3.1, reproduced from [27], shows the 

performance, efficiency, and BHP curves, as well as a summary table of BEP data, for each of 

the four models that Yang et al. analyzed.     

 

 

          Figure 3.1 - Yang et al. Volute Throat Area CFD Results (Source: [27]. With Permission.) 

  

According to the table in Figure 3.1, the pump BEP shifts to an eight percent higher flow rate 

(from 215.8 m3/h to 232.4 m3/h) between the 3,472 mm2 and 4,629 mm2 volutes and an eight 

percent lower flow rate (from 215.8 m3/h to 199.2 m3/h) between the 3,472 mm2 and 4,629 mm2 

models.  

A second study [28] by Hyun Bae Jin et al., published in 2012, produced similar shifts in 

pump performance curves as the Yang et al. study. Figure 3.2, reproduced from [28], shows the 

volute throat area dimension variations and corresponding performance curves from Jin et al.’s 

research. Model (-2) represents a thirty percent decrease in throat area, Model (-1) consists of a 

ten percent decrease, and Model (2) and Model (1) encompass consistently-sized area increases 

[28]. In Figure 3.2, the Model (-1) and Model (2) curves, most similar in percent area change to 
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the Yang et al. 3,085 mm2 and 4,629 mm2 volutes, show similar variations to the corresponding 

Figure 3.1 performance curves. That is, the Model (-1) curve is slightly higher than the standard 

curve at lower flows and lower at higher flows and the Model (2) curve shows the opposite 

effect.      

 

 

Figure 3.2 - Jin et al. Pump Performance Curves for Various Volute Throat Areas (Source: [28]. 
With Permission.) 

 

The Yang et al. and Hyun Bae Jin et al. CFD studies demonstrate generally comparable  

results. In particular, reducing the volute throat tends to shift the pump performance curves to 

reflect higher head at lower flows and lower head at higher flows, with the opposite effect true 

for increasing the volute throat area. Unfortunately, BEP data is not available for the Hyun Bae 

Jin et al. experiments. However, the Figure 3.1 efficiency curves in the Yang et al. trials show 

that the reduced-area volutes are generally the most efficient at flows below the original BEP and 

the larger-area volutes show greater efficiency at higher flows. The horizontal scale for the           

Figure 3.1 efficiency curves only spans the capacities directly surrounding the BEP. While there 

may be expanding efficiency differences at the outer ends of the flow range, Figure 3.1 exhibits 

relatively minor efficiency gains for the flow rates directly surrounding the BEP.     
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3.1.2 The Practicality of Variable Volutes 

 

The recent CFD studies summarized in section 3.1.1.1 support the idea that varying the 

volute throat area can alter the performance and efficiency of a centrifugal pump. If a volute 

were designed to expand at higher flows and contract at lower flows, then it is possible that the 

BEP island could be expanded and the pump would provide higher efficiency over a greater 

range of flow rates [2]. Yet, Figure 3.1 shows that minimal efficiency is gained in the vicinity of 

the pump’s original BEP point, in the range of one to two percent.  

 

3.1.2.1 Applications for Variable Volutes 

A volute with adjustable throat area could, based on the data presented in section 3.1.1,  

provide a worthwhile improvement in specific scenarios. First, large capacity pumps that are 

continuously run at flow rates in the vicinity of the original BEP (approximately ten percent 

above or below) might accrue substantial energy savings from a relatively minor one to two 

percent efficiency increase. The greater the power rating of the pump, the larger the potential 

annual energy savings and opportunity to justify investing in a more expensive volute design. 

Relatively minor geometry adjustments for a large centrifugal pump operating close to its 

designed capacity could create valuable energy savings from small efficiency improvements. 

Smaller centrifugal pumps with relatively lower power ratings would be unlikely  

to produce impressive energy savings by operating with a variable volute near their designed 

capacities. However, it is possible that a low capacity pump could benefit from volute variability 

at flow rates much higher or lower than the original BEP.  

 

3.1.2.2 Potential Drawbacks of Variable Volutes 

Adjustable volutes are likely to be appropriate mainly in the specific applications described  

in section 3.1.2.1. That is, for very large capacity centrifugal pumps and smaller pumps that at 

least occasionally require operation at substantially higher flows than their design ratings. Also, 

the variable volute must be constructed so that it does not negatively impact the pump’s 

efficiency (like the variable impeller designs discussed in section 2.3.1), otherwise any benefit 

gained could be quickly reduced. Furthermore, even the most well-designed adjustable volute 

will necessarily be more complex and expensive than its standard counterpart. Compared to 
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ASD, however, the potential energy savings from an adjustable volute pump seem to be more 

limited based on the studies presented in the previous sections. The variable volute must 

therefore be low maintenance and have a high mean time between failures (MTBF) for it to be a 

worthwhile investment in a pumping system.    

 

3.2 Future Testing of Variable Volutes 

 

Further testing is necessary to determine if a volute variability mechanism is able to 

reproduce the efficiency gains the section 3.1.1.1 studies demonstrate. In order to support this 

additional testing and to rapidly iterate mechanism designs, Hilary Johnson is leading the design 

and construction of an independent centrifugal pump test loop at MIT to measure centrifugal 

pump efficiency and performance curves, with a particular focus on her volute prototypes. The 

following sections describe the basic set up of the test loop and the theoretical calculations that 

predict its operational performance.    

 

3.2.1 Centrifugal Pump Test Loop Construction and Testing 

 

Figure 3.3, reproduced from [29], shows the basic design of this rapid test centrifugal 

pump test loop. Table 3.1 summarizes the specifications of each component labeled in red 

lettering in Figure 3.3. 
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Figure 3.3 - Centrifugal Pump Test Loop Side View (Source: Adapted from [29]. With 
Permission.) 

 

 

Table 3.1 - Test Loop Component Description [29] 

 

The piping shown in Figure 3.3 is two inches in diameter, with the exception of the reducing 

sections described in Table 3.1. The pump labeled in Figure 3.3 is the Gould’s series 3642, 

model 2BF10512 close-coupled, 3500 RPM centrifugal pump with a 5.28-inch diameter 

impeller. However, the design and dimensions of the volute will change depending on the 

particular model or concept tested.   

 

3.2.1.1 Net Positive Suction Head Available (NPSHa) Calculations 

Sufficient net positive suction head (NPSH) is important to prevent the impeller from 

filling with vapor, causing cavitation and subsequent pump damage [11]. The net positive 
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suction head available (NPSHa) of the flow loop depends on the absolute pressure exerted on the 

supply tank water surface (P), the static distance between the supply tank water surface and the 

centerline of the pump (Hz), friction losses in the suction piping and associated components (Hf), 

and the water vapor pressure (Hvp) [12]. Each of these variables is expressed in feet of water (ft) 

and combined in the following equation to determine NPSHa [12]:  

 

𝑁𝑃𝑆𝐻  = 𝑃 ±  𝐻 −  𝐻 −  𝐻  (3.1) 

 

The value of P for the non-pressurized supply tank is equal to atmospheric pressure at sea level 

(33.9 ft). The minimum value of Hz occurs when the height of the water supply is even with the 

suction line. For a conservative estimate of NPSHa, the value of Hz is, in that case, zero. Also, 

assuming a 60 F temperature for the water in the flow loop, Hvp is approximately 0.591 ft [12].  

 The suction line friction losses can be determined through careful analysis of each pipe 

and fitting. Specifically, the suction line consists of 4.021 ft of 2-inch, Schedule 40 Stainless 

Steel pipe, one 2-inch full port ball valve (Schedule 40 Stainless Steel), one reducer to decrease 

the pipe from 2- to 1.5-inch diameter, and 0.75 ft of 1.5-inch Schedule 40 Stainless Steel piping. 

Assuming operation at 70 gpm and 60 F, the piping head loss for the flow loop can be 

determined with the lookup tables provided in [30]. The head loss in feet per 100 feet of pipe (hf) 

found in [30] may be applied to calculate the head loss for the piping in the flow loop using the 

following equation, in which L is the length of applicable pipe [12]: 

 

𝐻 , =   ℎ  
𝐿

100
  (3.2) 

 

Table 3.2 summarizes the resulting values for the flow loop piping head loss.  
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Table 3.2 - Flow Loop Suction Piping Head Loss 

 
The head loss for the valve and reducer are calculated through an alternative method, using the 

equation shown below [12]: 

 

𝐻 , = 𝐾 
𝑉

2𝑔
(3.3) 

 

In equation 3.3, both K, the resistance coefficient of the particular fitting under consideration, 

and the value of V2/2g can be found in the lookup tables of [30]. For the reducer, a sudden 

contraction is conservatively assumed even though the actual component is tapered [31]. The 

resulting head loss for both the ball valve and reducer in the flow loop suction line are shown in 

Table 3.3.    

 

 
Table 3.3 - Flow Loop Suction Line Valve/Fitting Head Loss 

 

Adding the total piping head loss in Table 3.2 and the total valve/fitting head loss in Table 3.3, 

the overall Hf for the suction line is 1.12 ft.   

 Finally, combining Hf with the previously discussed variables in equation 3.1: 



66 
 

 

𝑁𝑃𝑆𝐻 = 33.9 𝑓𝑡 + 0 𝑓𝑡 − 1.12 𝑓𝑡 − 0.591 𝑓𝑡 = 32.189 𝑓𝑡  (3.4) 

 

The value of P is clearly the most influential factor in equation 3.4, given the relatively minor 

friction losses that the short length of suction piping creates. The value of Hf will increase as 

flow increases, as shown in Figure 3.4, but the resulting reduction in NPSHa is still relatively 

minor. Also, the NPSHa will decrease slightly with increasing water temperature. For example, at 

85 F the value of Hvp is 1.379 ft [12]. If insufficient compared to the NPSHR of a particular 

pump, the flow loop NPSHa could be raised by pressurizing the supply tank to increase P or 

maintaining the tank level above the suction piping to increase Hz.  

 

 

                                 Figure 3.4 - Flow Loop NPSHa vs. Flow 

 

3.2.1.2 System Head Curve Calculations 

The system head curve identifies the required system head over varying flow rates [12].   

As explained in section 1.2.1, the intersection of the system and performance curves determines 

the operating point of a centrifugal pump. The system curve is therefore an important 

consideration of the flow loop design to ensure that the pump can be operated over a wide range 

of flow rates. While the system curve is typically comprised of both static head and friction head 

loss, only the friction head is applicable to the closed-loop construction shown in Figure 3.3. 

Since friction loss varies as the square of the flow rate, the system curve may then be plotted 

using this relationship and the friction head determined for any given flow [12].  
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 The friction head in the suction line is calculated in section 3.2.1.1. To determine the 

overall friction loss, the discharge line friction is calculated in a similar manner and added to the 

suction line value. Table 3.4 shows the discharge piping head loss, calculated using equation 3.2 

and assuming operation at 70 gpm and 60 F as in section 3.2.1.1.  

 

Component Length (ft) 
Head Loss (hf)  

(ft per 100 ft of pipe) [30] 
Total Head Loss  

(Hf, pipe) (ft) 
2-inch Schedule 40 

Stainless Steel Piping 
5.77  8.86 0.511 

1.25-inch Schedule 40 
Stainless Steel Piping 

0.67 68.8 0.459 

 Total Piping Head Loss 
(Hf, pipe) (ft) 

0.97 

Table 3.4 - Flow Loop Discharge Piping Head Loss 

 

Next, Table 3.5 shows the head loss for the discharge line fittings, calculated using equation 3.3 

and assuming the same operating parameters as in Table 3.4.  

 

Component K [30] V2/2g (ft)  [30] 
Total Head Loss  

(Hf, fitting) (ft) 
2-inch Regular Screwed 
Elbow (x3), Schedule 40 

Stainless Steel 
1 0.696 0.696 (x3) = 2.088 

2-inch to 1.25-inch 
Reducer, Schedule 40 

Stainless Steel 
0.30 3.50 1.050 

 Total Piping Head 
Loss (Hf, fitting) (ft) 

3.138 

Table 3.5 - Flow Loop Discharge Line Valve/Fitting Head Loss (Excluding Throttle Valve) 

 

Similar to the suction line calculations, the final value for the discharge line head loss is the 

combination of the Table 3.4 and Table 3.5 values. 

Table 3.5 does not include the discharge line control valve since the value of its head loss 

varies with the degree to which it is throttled. Opening the valve will decrease the head loss and 

steepen the system curve, while closing the valve will produce the opposite effect. In this way, 

the globe valve in the discharge line may be used to shift the system curve and operating point of 

the pump. Specifically, Figure 3.5, adapted from [32] and [33], shows that the value of the 
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control valve’s flow coefficient (Cv) increases as the valve is opened, depending on its trim 

characteristic. The flow coefficient is formally defined as “the flow of water at 60 F, in gallons 

per minute, at a pressure drop of one pound per square inch across the valve” [34]. 

 

 

Figure 3.5 – Equal Percentage Valve Trim (Source: Adapted from [32].) and Cv Characteristics 
by Valve Trim Shape (Source: [33]. (With Permission.) 

   

The Figure 3.5 Equal Percentage characteristic curve most closely represents the two-

inch globe valve installed in the flow loop, which has a flow coefficient of forty-eight when fully 

open [35]. Using the Equal Percentage curve to scale from one hundred percent open, the flow 

coefficient at any throttled position may then be determined. Table 3.6 lists the resulting flow 

coefficients for the control valve in ten percent increments.  
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        Table 3.6 - Control Valve Flow Coefficient Value by Throttled Position 

 

The corresponding resistance coefficients, calculated using the following equation in which d is 

the internal pipe diameter, are shown in Table 3.7:   

 

𝐾 =  
894.01 𝑑

𝐶
 (3.5) 

 

 

         Table 3.7 - Control Valve Resistance Coefficient and Head Loss 

 

Additionally, Table 3.7 includes the head loss for each throttled position, calculated using 

equation 3.3. 

 Finally, the value of the system curve at the 70 gpm flow rate may be found by 

combining the head loss calculations for the suction and discharge piping:  

 

𝑆𝑦𝑠. 𝐻𝑒𝑎𝑑 =  𝐻  ( .) +  𝐻  ( .) (3.6) 
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𝑆𝑦𝑠. 𝐻𝑒𝑎𝑑 = 1.12 𝑓𝑡 + 4.108 𝑓𝑡 +  𝐻  (  ) (3.7)  

 

In equation 3.7, the head loss of the control valve, Hf (Control Valve) depends on its throttled position. 

Assuming that valve is fully open, the system head at 70 gpm may be determined using the 

corresponding Table 3.7 value for the control valve head loss: 

 

𝑆𝑦𝑠. 𝐻𝑒𝑎𝑑 = 1.12 𝑓𝑡 + 4.108 𝑓𝑡 + 4.32 𝑓𝑡 = 9.548 𝑓𝑡 (3.8) 

 

Then, using the quadratic relationship previously described, the system head can be calculated at 

other flow rates. For example, at 80 gpm: 

 

𝑆𝑦𝑠. 𝐻𝑒𝑎𝑑  =  
80 𝑔𝑝𝑚

70 𝑔𝑝𝑚
 𝑆𝑦𝑠. 𝐻𝑒𝑎𝑑   (3.9) 

 

𝑆𝑦𝑠. 𝐻𝑒𝑎𝑑  =  
80 𝑔𝑝𝑚

70 𝑔𝑝𝑚
 9.548 𝑓𝑡 (3.10) 

 

𝑆𝑦𝑠. 𝐻𝑒𝑎𝑑  = 12.471 𝑓𝑡 (3.11) 

 

Performing the equation 3.9 calculation for various flow rates across the operational range of the 

pump produces the system curve (with the control valve fully open) shown in Figure 3.6. 

 

 

     Figure 3.6 - Flow Loop System Curve (Control Valve Fully Open) 
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The system curve may be similarly predicted for alternate positions of the control valve by first 

substituting the appropriate Table 3.7 head loss value into equation 3.8. Using this method, 

Figure 3.7 shows the resulting system curves with the control valve thirty percent open, fifty 

percent open, and seventy percent open.  

 

 

Figure 3.7 - Flow Loop System Curve Comparison 

  

Figure 3.7 shows that, in relation to the pump curve, the control valve is adequate to shift the 

operating point across a wide range of flow rates. This system curve analysis and the NPSH 

calculations performed in section 3.2.1.1 indicate that the flow loop is appropriately designed to 

support flexible testing of variable volute concepts at all necessary flow rates.    
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4 DDG-51 Firemain Proposed Efficiency Improvement 

          

4.1 DDG-51 Firemain System Overview 

 

Damage control is critical to the successful operation of any seagoing vessel. Far from  

shore, there is no fire department or other emergency services to call upon. The ship’s crew must 

be properly equipped and trained to handle emergency scenarios. These skills are perhaps even 

more critical on a warship, which is designed to intentionally enter harm’s way. In addition to 

operating under a higher threat level, warships must have casualty response equipment and 

systems that remain sufficiently robust even under heavy damage. On an Arleigh Burke-class 

guided missile destroyer (DDG-51 class), the firemain system provides key damage control 

capability throughout the entire ship. While the system is designed for maximum flows during 

emergency operation, the fireman pumps are significantly oversized for typical daily demand. 

This leads to large energy inefficiencies in daily firemain operation.   

 

4.1.1 Firemain System Basics and Operating Parameters 

 

The Arleigh Burke class firemain system supplies seawater throughout the ship for 

firefighting and damage control efforts. Critical casualty-response equipment including fire 

plugs, sprinkling (AFFF and saltwater), eductors (for dewatering), and the countermeasure 

washdown system depend on the firemain for their seawater source [36]. In addition, the 

firemain supplies some non-emergency loads, including the Close-In Weapon System (CIWS) 

and desalinators [8].  Given its vital role on the ship, the system is designed to be robust and 

reliable in the face of battle damage or equipment failure; however, it ends up being oversized 

with respect to the non-emergency load demand. Being oversized for non-emergency use results 

in its operation away from the best efficiency point, and thus there is a potential for savings.  

The firemain is composed of six Navy-Standard Titanium Fire Pumps (NSTFP) working in 

parallel to maintain a maximum system capacity of 6,000 gpm at 150 psi, with each pump 

contributing 1,000 gpm [8]. Two eight-inch piping mains span the length of the ship at different 

levels and opposing sides, characterizing the system’s “vertical offset loop” design [36]. The 
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starboard main runs along the central (damage control) deck, while the port main is located two 

decks below [8]. Three pumps alternatively supply each main, with cross-connections available 

at every six-inch pump riser to increase redundancy through alternative flow paths [36]. Table 

4.1 lists the space locations of the six firemain pumps onboard an Arleigh Burke class ship [37]. 

 

 

                                               Table 4.1 - DDG-51 Firemain Pump Locations [37] 

 

This configuration creates a strategic layout to ensure that the loss of an engineering space or 

damage to one section of the ship does not compromise the entire firemain system. 

The ship’s material condition setting further dictates the exact alignment of the firemain. 

Material condition tracks the doors and fittings that must be secured at a given time, maximizing 

the ship’s watertight integrity and survivability [38]. Condition Yoke typically applies at sea or 

in-port and Zebra is set during general quarters or ship-wide casualties [38]. When Yoke is set, 

the firemain cross-connections are closed, with the exception of the remotely operated valves at 

the forward and aft ends of the main lines [36]. In Zebra, these forward and aft valves are 

secured, effectively separating the system into two redundant mains supplied by three pumps 

each [36]. In this way, the ship’s material condition can optimize the firemain for either daily 

operation or system survivability.           

The maximum 6,000 gpm capacity is necessary to supply a worst-case damage control 

scenario, but typical system loads can be under 250 gpm, a mere 4.2 percent [4]. In his thesis, 

Lieutenant Weekes [8] assumes a cruising (non-emergency) requirement of 274 gpm, with an 

additional 230 gpm relieved by the system’s pressure control valve, for a total baseline flow of 

approximately 504 gpm. The ship usually meets this demand with the continuous operation of 

one pump in-port and two pumps while at sea [9]. Regardless of the exact configuration, the 

daily demand on the system is far below the rating of even a single pump. 
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 Table 4.2 outlines the firemain system demand (in gpm) across various subdivisions of 

the DDG-51 class ship [36]. In the table, the damage control category includes countermeasure 

washdown, AFFF sprinkling, seawater sprinkling (largest magazines only), and eductors [36]. 

The Emergency Total column sums the fire plug, damage control, and emergency cooling flows, 

while the Daily Total column includes the constant cooling demand under typical cruising 

conditions (note that the sum of the Daily Total column is approximately 500 gpm). The Table 

4.2 Emergency Total and Daily Total columns provide valuable information about the firemain 

flow requirements across different areas of the ship.  

 

 

Table 4.2 – DDG Firemain Demand (in gpm) [36] 

 

4.1.2 Firemain Pump Curves and Specifications 

 

The six firemain pumps installed on the DDG-51 class ships are centrifugal “horizontal  

split case”, as shown in Figure 4.1, reproduced from [9]. The pump rating of 150 psi at 1000 gpm 

is a design choice specific to the Arleigh Burke class. Figure 4.2 shows the performance curve for 

the 150 psi/1000 gpm NSTFP model, based on data derived from [8]. A minor trim of the 150 psi-

rated impeller creates a relatively significant reduction in head throughout the pump’s performance 

curve. The affinity laws can predict the required diameter variation to produce a specific change 

in head. For example, one particular point of interest is the 500 gpm flow rate since, as previously 

discussed in 4.1.1, this is the typical operating capacity of the firemain system.  
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                       Figure 4.1 - Navy Standard Titanium Fire Pump (NSTFP) (Source:[9].) 

 

According to Figure 4.2, the pump initially produces approximately 170 psi at 500 gpm, which is 

20 psi above the intended system pressure. Using the affinity laws, the necessary impeller trim can 

be calculated by inputting the current and desired values for pump head into the appropriate affinity 

law equation: 

     

𝐻

𝐻
=  

𝐷

𝐷
  (4. 1) 

 

170 𝑝𝑠𝑖

150 𝑝𝑠𝑖
=  

𝐷

𝐷
 (4. 2) 

 

𝐷

𝐷
≈ 1.06 (4. 3) 

 

The calculated diameter ratio of 1.06 determined in equation 4.3 implies that the firemain 

pump impeller should be trimmed by six percent to achieve a performance curve that meets 150 

psi at 500 gpm of flow. In addition to the original pump curve, Figure 4.2 shows the performance 

curve, calculated based on the affinity law equation 4.1, for the pump with an impeller trim of 

six percent. The diameter reduction results in a downward shift of the original pump curve by 

roughly 20 psi across the range of plotted data. 
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Figure 4.2 - Pump Performance Curve and BHP Comparison [8] 

 

 On Figure 4.2, the vertical red lines intersect the pump curves to mark the differences in 

head between the two pumps at 500 gpm and 1000 gpm. These two capacities are significant 

because they respectively represent the typical cruising/in-port flow and design flow of the 

firemain pumps. As previously calculated, the trimmed pump impeller is capable of sustaining a 

little over 150 psi, which is appropriate for the firemain system. In comparison, the original 

impeller will develop 170 psi of head at 500 gpm since it is rated to maintain 150 psi at twice the 

flow. While the trimmed pump would not produce sufficient head at the maximum required 

capacity of 1000 gpm, it could maintain system pressure at the non-emergency condition of 500 

gpm, without over-pressurizing the system like its untrimmed counterpart.    

 Figure 4.2 shows the curve comparison for single pump operations. However, running 

multiple pumps in parallel exacerbates the over-pressurization issue. Such a configuration may 

be necessary to provide sufficient flow to the system, and operating two pumps is the default 

scenario on many destroyers [9].          Figure 4.3, reproduced from [39], shows how operating 

two firemain pumps in parallel shifts the resulting performance curve. 
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         Figure 4.3 – Performance Curve for Two Firemain Pumps in Parallel (Source: [39].) 

 

The rated output for two-pump operation is marked with a star on the respective performance 

curve, but the operating point will move along the system curve from the “Single Pump 

Operating Point” to the “Parallel Pump Operating Point”, which is at a higher head than for the 

single pump curve. Operating two pumps in parallel with trimmed impellers would reduce the 

excess pressure concern, since the shutoff head of the modified pumps is approximately 20 psi 

lower than the original version.   

In addition to lower head, the trimmed impeller requires less energy to operate than the 

original impeller. Figure 4.2 shows a comparison of the brake horsepower (BHP) for the two 

different pump impellers. While the original pump’s BHP is sourced from [8], the affinity laws 

determined the values for the trimmed impeller, similarly to the performance curve calculations. 

For example, at the 500 gpm flow rate: 

 

𝐵𝐻𝑃

𝐵𝐻𝑃
=  

𝐷

𝐷
 (4.4) 

 

85 BHP

𝐵𝐻𝑃
=  (1.06)  (4.5) 
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𝐵𝐻𝑃 = 71 𝐵𝐻𝑃 (4.6) 

 

The calculation completed in equation 4.6 shows that operating with the trimmed impeller at 500 

gpm would create an energy savings of approximately 14 BHP. Another important consideration 

is the difference in efficiency between the two models. Efficiency loss is not usually a concern 

with VFD, but it is a problem associated with excessive impeller trimming [18]. In this case, 

however, the assumed six percent diameter reduction is well within the recommended maximum 

trim of ten percent [18]. For this reason, a negligible difference in efficiency can be assumed 

between the two pump variations.         

 

4.2 Description of the Proposed Solution 

 

This section proposes a potential upgrade to the DDG-51 class firemain system that would take 

advantage of basic pump geometry, specifically impeller trimming, to drive improvements in 

energy efficiency while increasing system reliability and redundancy.  

 

4.2.1 Details of Firemain System Modifications 

 

The NSTFP trimmed impeller performance characteristics presented in Figure 4.2 

provide sufficient head and flow to meet the normal demand of the DDG-51 firemain system, as 

detailed in 4.1.1. Clearly, a relatively minor six percent trim of the NSTFP impeller could create 

significant savings in energy and excess pump head. However, simply trimming the impellers of 

the six existing firemain pumps is not an appropriate solution. Figure 4.2 shows that the trimmed 

impeller head is approximately 130 psi at 1000 gpm, which would not be adequate to maintain a 

150-psi system pressure. Realistically, a pump with the six percent impeller trim could only 

sustain around 500 gpm at the necessary head.     

The key to harnessing the energy-saving power of impeller trimming while maintaining 

the same system capacity is to include one additional firemain pump on the DDG-51 platform. 

The inclusion of a seventh pump would support the trimming of two impellers without lowering 

the total firemain flow below 6,000 gpm. Table 4.3 shows a side-by-side comparison of the 
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original system and the system containing two pumps with trimmed impellers. The addition of 

the seventh pump makes up the difference that the modified pumps would otherwise create, 

maintaining the total system capacity at 6,000 gpm. The trimmed and full-diameter pumps would 

operate together only when necessary to meet increased demand. 

 

 

Table 4.3 - Firemain System Capacity Comparison 

 

 Although Table 4.3 lists trimmed-impeller capacities for the sixth and seventh pumps, the 

actual pumps to be altered could be strategically selected. To maximize system operability, the 

trimmed pumps could be located in areas of the ship with less emergency demand and higher 

constant cooling loads. Since the lower capacity pumps would be less useful in a damage control 

scenario, allowing them to be further from the highest demand firefighting plugs and other 

related loads would create more opportunities for system isolation. For example, considering the 

information in Table 4.2, the 254-300 subdivision might be an ideal location for a trimmed 

pump, since it is an area with relatively fewer emergency loads and high constant cooling 

requirements. If the only system modifications are to trim one pump’s impeller and to include a 

seventh (trimmed) pump, then the specific locations for those updates could be selected in a 

manner that maximizes system reliability.   

 Preferentially operating the trimmed pumps in the firemain system could create fuel 

savings that, while relatively minor compared to the daily consumption of the ship, would 

become significant based on the continual operation of the pumps. Equation 4.6 shows that the 

trimmed pump impeller would reduce the power requirement by 14 BHP, or 10.44 kW. The first 

step to convert this energy into an amount of fuel is to consider the specific fuel consumption 

(SFC) of the Arleigh Burke class gas turbine generators (GTGs). The DDG-51’s electric plant 
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consists of three Allison AG9140 GTGs, each rated at 3,000 kW with a SFC of 297 g/kWh at 

100 percent maximum continuous rating (MCR) [8], [40].  Figure 4.4 shows the general curves 

for the SFC of various prime movers based on their percent power [41]. To apply the general 

curve for “Simple Cycle Gas Turbine: constant speed” to the Allison AG9140 GTG, the data 

must be scaled according to the SFC at 100 percent MCR.   

 

 

                             Figure 4.4 - SFC of Prime Movers (Source: [41]. With Permission.) 

 

Figure 4.5 shows the constant speed gas turbine curve from   Figure 4.4 scaled to 

correspond with the SFC for the Allison AG9140 GTG. The next step is to select the appropriate 

value for power, in order to determine the average SFC of the Ship Service Turbine Generators 

(SSTG). Although power demand can vary widely on a warship, an average value in normal 

cruising conditions is around 3 MW [8]. Assuming that two SSTGs are operating, the percent of 

maximum rated power can be calculated as follows: 

 

3,000 𝑘𝑊

100% 𝑃𝑜𝑤𝑒𝑟 2 𝑆𝑆𝑇𝐺𝑠
=  

3,000 𝑘𝑊

3,000 𝑘𝑊 ∗ 2
=  

3,000 𝑘𝑊

6,000 𝑘𝑊
= 50% (𝑜𝑓 𝑀𝐶𝑅 𝑃𝑜𝑤𝑒𝑟) (4.7) 
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The red vertical line on Figure 4.5 marks the fifty percent MCR power calculated in equation 

4.7. Based on this scaled figure, the SFC for the destroyer’s SSTG is approximately 345 g/kWh. 

 

 

                                     Figure 4.5 - Scaled SFC for Allison AG9140 

 

   The operation time of the fire pumps is another important consideration in calculating the 

fuel savings. As described in 4.1.1, two pumps are typically run constantly during normal 

underway cruising conditions. The amount of time at sea also varies widely depending on the 

ship and its schedule, but an operational vessel could realistically spend half of the days in a year 

underway. Based on these estimates, Equation 4.8 shows the calculation to determine the number 

of hours per year that one of the modified fire pumps could theoretically be operated while 

underway.  

 

182.5 
𝑑𝑎𝑦𝑠

𝑦𝑒𝑎𝑟
 24 

ℎ𝑜𝑢𝑟𝑠

𝑑𝑎𝑦
= 4,380 

ℎ𝑜𝑢𝑟𝑠

𝑦𝑒𝑎𝑟
 (4.8) 

 

 Finally, the potential yearly fuel savings can be determined based on the trimmed-

impeller energy reduction of 10.44 kW. Since this change is relatively small compared to the 3 

MW ship wide load, any change in the SFC would be negligible, so 345 g/kWh is assumed to 

remain valid. For the purpose of unit conversion, one gallon of Distillate Fuel Marine (DFM, 

NATO F-76) is assumed to weigh seven pounds [42]. The final calculated amount can also be 

doubled, since the goal is to preferentially operate two of the trimmed pumps together:  
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𝐹𝑢𝑒𝑙 = 𝑆𝐹𝐶 ∗ 𝐸𝑛𝑒𝑟𝑔𝑦 𝑆𝑎𝑣𝑒𝑑 ∗ 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (4.9) 

 

𝐹𝑢𝑒𝑙 = 345 
𝑔

𝑘𝑊ℎ
(10.44 𝑘𝑊) 4,380 

ℎ𝑜𝑢𝑟𝑠

𝑦𝑒𝑎𝑟
 

1 𝑙𝑏

453.592 𝑔
 
1 𝑔𝑎𝑙 𝐷𝐹𝑀

7 𝑙𝑏
(4.10) 

 

𝐹𝑢𝑒𝑙 = 4,968.56 
 

 𝑝𝑒𝑟 𝑝𝑢𝑚𝑝 (2 𝑝𝑢𝑚𝑝𝑠) = 9,937.11 
 

 (4.11)     

 

𝐹𝑢𝑒𝑙 ≈ 10,000 
𝑔𝑎𝑙 𝐷𝐹𝑀

𝑦𝑒𝑎𝑟
 (4.12) 

 

Based on the Defense Logistics Agency (DLA) standard fuel prices, the Fiscal Year 2020 cost of 

one gallon of DFM is $2.98 [43]. Using this price point and the result of equation 4.11, the 

annual savings can be predicted: 

 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 = (𝐹𝑢𝑒𝑙 ) (𝐶𝑜𝑠𝑡 ) (4.13) 

  

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 = 9, 937.11 
𝑔𝑎𝑙 𝐷𝐹𝑀

𝑦𝑒𝑎𝑟

$2.98

𝑔𝑎𝑙
=  

$29,612.59

𝑦𝑒𝑎𝑟
 (4.14) 

  

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 ≈
$30,000

𝑦𝑒𝑎𝑟
 (4.15) 

 

The above calculations show that, assuming fifty percent underway time per year at an average 

SSTG load of 3 MW, preferentially operating two NSTFPs with six percent impeller trims could 

save approximately 10,000 gal DFM or $30,000 annually per ship. These values, although 

subject to the schedule and mission set of a particular ship, represent a reasonable baseline. The 

subsequent section includes further analysis for the potential impact of these savings.  
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4.2.2 Overview of Benefits for the Proposed Solution 

 

The previous section clearly establishes the main advantages of the proposed NSTFP  

impeller trimming, but the complete spectrum of benefits deserves more detailed discussion. 

While the Trimmed Impeller Solution does save fuel, money, and excess system head, it also has 

clear operational benefits that improve its suitability compared to alternative pump or system 

modifications. This section fully explores the characteristics of the proposed solution that set it 

apart from other options, including a more thorough explanation of the potential fuel savings.  

 

4.2.2.1 Reliability and Simplicity 

The Trimmed Impeller Solution is inherently simple, compared to the alternatives that  

this thesis presents in the previous chapters. The only difference, aside from the smaller 

impellers, is the one additional pump. Incorporating this update would require minimal 

modifications to the existing system and is feasible to retrofit on the DDG-51 class fleet. 

Furthermore, numerous potential arrangements could create space for the seventh pump and its 

related piping. This selection could also be made to minimize the amount of extra piping 

required. Overall, improving the firemain system in this manner is relatively non-intrusive.  

 Impeller trimming itself is a well-established pump improvement [11]. Rather than 

necessitating complicated external mechanisms or control strategies, impeller trimming is an 

effective static solution based on fundamental fluid mechanics, demonstrated by the affinity 

laws. The impeller functions identically post-trim, albeit with a smaller diameter. This is 

advantageous, since a centrifugal pump’s volute and impeller are designed for manufacturing 

simplicity. Typically, each is cast into one solid piece, without extra moving components that 

can become maintenance liabilities. Complicating either one of these components to render it 

variable would be a serious drawback. The key advantage of the Trimmed Impeller Solution is 

that it does not require any complex and maintenance intensive equipment. 

 The Trimmed Impeller Solution’s simplicity is a positive indicator for its potential 

reliability. The term “design for reliability” encompasses various design phase techniques that 

can improve a system’s reliability, defined as “the ability of a system and its parts to perform 

their mission without failure, degradation, or demand on the support system under a prescribed 

set of conditions” [44]. For example, “physics-of-failure” methods help to identify and assess 
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particular components that may be susceptible to failure early in the design process, when 

instituting changes is the most cost-effective [44]. Of course, reliability is a critical attribute of 

the firemain system, which is key to the ship’s damage control plan. Unlike variable pump 

geometry mechanisms or VFD, a trimmed impeller has no additional components that could 

introduce alternative failure mechanisms. Except for a corresponding shift in performance curve 

characteristics, the NSTFPs with trimmed impellers will operate identically to their unmodified 

counterparts. While solutions like a variable impeller or VFD are intended to shift the 

performance curve in the same manner, their dependence on external devices makes it difficult, 

if not impossible, to match the NSTFP’s original reliability metrics.  

 

4.2.2.2 Equipment Redundancy 

The previous section explains that, although the requirement for a seventh pump does,  

by definition, increase the complexity of the DDG-51 class firemain system, the extent is 

relatively minor. This part explains how the extra NSTFP and proposed solution work to 

improve the overall redundancy of the firemain system. Reliability, as demonstrated by mean 

time between failures (MTBF) and mean time to repair (MTTR), is a critical attribute of any 

firefighting system, but redundancy is especially important for a system installed on a warship. If 

a warship incurs battle damage, part of the firemain system (pumps, piping, valves, etc.) could be 

destroyed, reducing the overall capability of the system. Also, if one fire pump is already 

unavailable due to unrelated maintenance issues, then the functionality of the system would be 

compromised from the start. The increased redundancy of an additional NSTFP, especially when 

intended to introduce other benefits, helps to balance out the drawback of added system 

complexity.  

 The improved redundancy of the proposed solution is also beneficial to accomplishing its 

intended purpose. The trimmed impellers installed in two of the seven firemain pumps could 

potentially be swapped among any of the remaining, unmodified pumps. If one of the pumps 

with a trimmed impeller experiences a mechanical failure and becomes out of service for repair, 

then the smaller impeller could be moved to an alternate pump. This option would allow the ship 

to continue to take advantage of the preferred operating characteristics of the trimmed impeller, 

even if one of the originally selected pumps becomes unavailable. This advantage is not, for 

example, possible if a different style pump is chosen to preferentially meet times of lower system 
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demand, as in Cannon et al.’s solution [9]. Although the concept of preferentially running a 

smaller pump during periods of lower demand, known as a “pony” configuration, is well-

established, the use of the trimmed impeller provides a key redundancy advantage in this case 

[39].      

 

4.2.2.3      Fuel Savings 

Equations 4.12 and 4.15 calculate the potential annual fuel savings for one destroyer. 

This savings may seem relatively minor compared to the ship’s total yearly fuel consumption. 

For example, the base equation 4.9 can also be used to determine the total amount of fuel 

consumed:  

 

𝐹𝑢𝑒𝑙 = 345 
𝑔

𝑘𝑊ℎ
(3 𝑀𝑊) ∗ 4,380 

ℎ𝑜𝑢𝑟𝑠

𝑦𝑒𝑎𝑟

1 𝑙𝑏

453.592 𝑔
 
1 𝑔𝑎𝑙 𝐷𝐹𝑀

7 𝑙𝑏
 (4.16) 

 

𝐹𝑢𝑒𝑙 = 1,427,746.27 
𝑔𝑎𝑙 𝐷𝐹𝑀

𝑦𝑒𝑎𝑟
 (4.17) 

 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 =
9, 937.11

1,427,746.27
 ≈ 0.7% 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 (4.18) 

 

Equation 4.18 shows that the fuel saved by preferentially running the trimmed impeller pumps 

would be relatively minor compared to one DDG’s overall usage. It is also important to note that 

the fuel consumption calculated in equation 4.17 is the projected amount required to operate the 

electric plant only. The amount of fuel necessary for the ship’s propulsion would make a savings 

of 10,000 gal/year seem practically negligible.  

Although the energy savings may initially seem inconsequential, multiplied across the 

entire fleet of destroyers, the potential savings quickly become more significant. Assuming that 

only ten ships each year operate with a similar profile to that identified in 4.2.1, the annual 

savings increase to approximately 100,000 gal/year or $300,000. Considering that this estimate 

likely does not account for all of the Arleigh Burke destroyers that would be operational in a 

given year, the amount saved could clearly be substantial once numerous ships are modified to 

incorporate the trimmed impeller pumps. Furthermore, other platforms in the Navy’s inventory 
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could potentially make use of these system alternations. Taken Navy-wide, the relatively minor 

firemain system adjustments outlined in this thesis could save a significant amount of fuel each 

year.      

 

4.2.2.4  Summary of Benefits 

The Trimmed Impeller Solution captures the power of centrifugal pump geometry to  

reduce unnecessary energy usage and excess system head in the DDG firemain. Equation 4.3 

shows that, with a six percent reduction in the impeller’s diameter, operating the trimmed 

impeller NSTFPs during times of normal demand would eliminate 20 psi of pump head that 

causes unnecessary wear on the firemain system. The downward shift in performance curve 

could also facilitate 10,000 gal DFM or $30,000 in annual savings, as calculated in equations 

4.11 and 4.14. Modifying the NSTFPs in this manner would present several unique advantages 

over other potential solutions, including increased system redundancy and reliability, both of 

which are critical for the firemain system on a warship. Figure 4.6 is a flow chart that generalizes 

the decision process for applying the Trimmed Impeller Solution to any pumping system and 

Appendix A.2 includes a sample spreadsheet to perform the energy saving calculations presented 

in section 4.2.1.   
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Figure 4.6 - Overview of the Trimmed Impeller Solution Process 
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5 Comparison of Pump Improvement Methods 

 

5.1 FRDPARRC Table Analysis 

 

The preceding chapters review the basic theory of centrifugal pumps as well as the  

advantages and disadvantages of existing or potential technology intended to improve efficiency. 

Chapters 2 and 3 cover pump modifications including variable speed drives, impeller trimming, 

variable impellers, and variable volutes. Chapter 4 presents a novel strategy to incorporate 

pumps with reduced diameter impellers in a system as an alternative to VFD. Some of these 

topics, such as VFD and impeller trimming, are thoroughly researched and documented in 

numerous sources. The variable geometry options, however, are mostly new considerations. 

Furthermore, the existing literature tends to focus on specific pump improvement methods, rather 

than providing an overview of the strengths and ideal applications of a particular approach as 

opposed to other options. This section provides a comparison of the pump improvement 

technology covered in this thesis and summarizes the specific characteristics of the various 

methods in relation to each other.    

 

5.1.1 FRDPARRC Description and Purpose 

 

Chapter 4 presents a specific plan for improving the performance of the DDG NSTFP  

without delving into its development or rigorously comparing it to alternative solutions. 

FRDPARRC tables are a tool presented by Dr. Alexander Slocum in [45] that may expound on 

the basis for the Trimmed Impeller Solution and, through the insight gained, show how it is 

ideally suited for this particular application. Although the DDG firemain is the focus of the 

following analysis, the process may be applied to any other pumping system. The general 

comparison of pump improvements presented in this example also summarizes the features of 

the various methods explored in the thesis.   
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Table 5.1 - FRDPARRC Table for DDG NSTFP Improvement Methods [45] 
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 FRDPARRC is an acronym for “Functional Requirements, Design Parameters, Analysis, 

References, Risks, and Countermeasures” [45]. Creating a table to evaluate these elements of a 

design project aids in fully exploring possible solutions without prematurely eliminating 

potential options [45]. The “Functional Requirements” are the necessary attributes or capabilities 

of a design, while the “Design Parameters” describe the manner in which these requirements can 

be achieved [45]. “Analysis” provides the standards or metrics for each of the Design 

Parameters, and the remaining columns are self-described [45]. The main issue for the DDG 

firemain that Chapter 4 considers is that, while rated for an emergency capacity, the system 

normally operates at a much lower flow rate and necessarily higher head, resulting in excessive 

pressure and wasted energy. Table 5.1 presents a FRDPARRC analysis for potential solutions to 

address this problem and improve the performance of the DDG NSTFP.  

The Functional Requirements and Design Parameters listed in Table 5.1 summarize the 

key considerations for improving the DDG NSTFP. Chapters 2-4 discuss many of these 

characteristics in reference to particular pump improvements. However, a final comparison of the 

suitability of each of these methods for the NSTFP problem, based on the Table 5.1 Functional 

Requirements, is necessary. Table 5.2 provides this comparison using the Pugh Matrix. The 

specific improvements of VFD, variable impeller, variable volute, and the Trimmed Impeller 

Solution are compared in reference to the existing DDG firemain system configuration, or 

datum. A method that accomplishes the Table 5.1 Design Parameters for a given Functional 

Requirement in a superior manner to the datum is scored with a plus sign (“+”), inferior earns a 

minus sign (“-“), and rough equivalency is assigned the symbol “0” [46]. The bottom rows of 

Table 5.2 sum the number of plus and minus signs for each column to create a numerical 

comparison of the various methods.    
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             Table 5.2 - Comparison of DDG NSTFP Improvements (Pugh Matrix) [46] 

 

 The relative scoring of each method in Table 5.2 is based on the Table 5.1 Design 

Parameters. All of the methods could potentially provide significant improvements in system 

efficiency and energy savings with the exception of the variable volute. Based on the initial 

analysis presented in section 3.1, a variable volute is unlikely to provide the necessary shift in the 

NSTFP pump curve to address the issue of excess pressure and energy usage at lower flows. The 

Efficiency scores reflect this analysis. Similar scores are also assigned for the Variability 

category based on the same reasoning.  

In reference to Reliability, the inherent complexity of the VFD, variable impeller, and 

variable volute options is expected to induce more failures than the current configuration. 

However, section 4.2.2.1 explains that the Trimmed Impeller Solution is not significantly more 

complex than the current configuration. Next, considering the Automation Functional 

Requirement, a control strategy could likely be implemented for each method to allow for similar 

remote operability as the existing system, so each method earns a grade of “0”. Lastly, for 

Affordability, variable impellers and the Trimmed Impeller Solution will provide a favorable 

balance between costs and potential savings. Conversely, the expense of adapting VFD for 

shipboard use and the unsuitability of variable volutes make these options uneconomical 

compared to the current configuration.   

 The net scores in the last row of Table 5.2 show that the Trimmed Impeller Solution is 

the highest scoring method. Furthermore, the Trimmed Impeller Solution and variable impellers 

clearly dominate the other methods. This result is expected based on the assessment of the 

technology performed in Chapters 2-4. However, section 2.3.2 suggests that variable impeller 
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concepts may require continued development to be effective. Also, the Table 5.2 scores do not 

imply that the Trimmed Impeller Solution is ideal for every scenario. The Functional 

Requirements in the Table 5.1 FRDPARRC analysis and the Table 5.2 comparison will vary 

depending on the requirements of the particular pumping system. For instance, variable volutes 

could provide more beneficial pump curve shifts in an alternate example and VFD would likely 

be much less expensive to implement in a civilian application. Also, traditional impeller 

trimming, reducing the impeller diameter of the existing pumps, was not included as a possible 

method in the Table 5.2 comparison, since it could not be realized while still meeting the DDG 

firemain system emergency capacity. A similar process of creating a FRDPARRC table and 

Pugh Matrix could be conducted for virtually any pumping system.   

 The results of Table 5.1 and Table 5.2 provide a process to analyze improvement 

methods for a particular system, but the specific advantages and disadvantages discussed in the 

thesis may also be more generally compared. Table 5.3 summarizes the ideal applications, pros, 

and cons of the technology presented in Chapters 2-4, along with references to the pertinent 

sections of the thesis. Comparing the various methods in this manner provides a helpful starting 

point for considering improvements to a specific system as well as for future related research.     
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 VFD Impeller Trimming Variable Impellers Variable Volutes 

Uses Systems with variable 
flow demand and head 
may dynamically vary 
the performance curve 
of installed pumps to 
save energy and reduce 
excess pressure. 

(Section 2.2) 

Oversized systems may 
permanently lower the 
performance curve of 
installed pumps to save 
energy and reduce 
excess pressure. 

(Section 2.1.2.1) 

Systems with variable 
demand and head may 
periodically lower the 
performance curve of 
installed pumps to save 
energy and reduce 
excess pressure. 

(Section 2.3) 

Systems with variable 
demand at constant 
head may shift the BEP 
to increase operational 
efficiency over a range 
of flow conditions.   

(Section 3.1) 

Pros  Reduce energy usage 
 Reduce head 
 Operate closer to BEP 
 Wide range of 
performance curve 
variability  
 Reduce lower radial 
and axial bearing loads 
 “Soft-start” possible 

(Section 2.2.1) 

 Reduce energy usage 
 Reduce head 
 Operate closer to BEP 
 No extra maintenance 
or equipment operation 
 Low initial cost and 
no recurring expenses 
 Reliable – no 
complex equipment 
necessary 
 Incorporating 
additional pumps with 
trimmed impellers 
creates system 
flexibility (Trimmed 
Impeller Solution) 

(Section 2.1.2.1) 

 Reduce energy usage 
 Reduce head 
 Operate closer to BEP 
 Stepwise variability 
of performance curve 
(like temporary 
impeller trimming) 
 Complex electronics 
not necessarily required 

(Section 2.3.1) 

 Reduce energy usage 
 Operate closer to BEP 
 Complex electronics 
not necessarily required 
 Shift BEP with 
limited change in head 

(Section 3.1.2.1) 
 

Cons  Potential harmonics 
 Not suitable for all 
systems (i.e. shipboard 
use, constant head, and 
flat system curves) 
 High purchase and 
maintenance costs 
 Complex electronics 
– reduced reliability 
 Susceptible to 
environmental factors 

(Section 2.2.2) 

 No adjustability 
(unless incorporating 
additional pumps) 
 Limited range of 
variability without 
efficiency reduction 
 Not suitable for all 
applications (i.e. 
constant head) 

(Section 2.1.2.1) 

 Not suitable for all 
applications (i.e. 
constant head) 
 Limited range of 
variability without 
efficiency reduction 
 Complex mechanisms 
reduce reliability 

(Section 2.3.2.2) 

 Limited performance 
curve variability 
 Not suitable for all 
applications (i.e. 
variable head) 
 Complex mechanisms 
reduce reliability 

(Section 3.1.2.2) 

Table 5.3 - General Comparison of Centrifugal Pump Improvement Methods 
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5.2 Theoretical Combination of Improvement Methods 

 

Table 5.2 and Table 5.3 individually assess the improvement methods presented in the  

thesis based on the assumption that they are implemented independently of each other. However, 

there are possibilities for combining some of these methods together in a single pump, with 

varying degrees of success depending on the characteristics of the system and particular methods 

considered.    

  

5.2.1 Impeller Trimming and Variable Volutes 

 

The specific application of the Trimmed Impeller Solution presented in Chapter 4 is an  

unlikely candidate to incorporate variable volutes. As discussed in section 4.2.2.1, reliability is a 

critical attribute of shipboard firemain systems. The preliminary energy savings presented in 

Chapter 3 suggest that the potential efficiency gains of volute variability would not justify the 

added complexity. Other systems that include pumps with trimmed impellers are not necessarily 

precluded from integrating adjustable volute mechanisms. However, this combination is still 

unlikely, given that traditional impeller trimming is typically a corrective factor for oversized 

pumps. Depending on the characteristics of the adjustable volute mechanism, investment in an 

entirely new pump may be necessary. Retrofitting a complex device to an existing pump may not 

be the most economical solution. Trimming the impeller of an oversized pump initially installed 

with a variable volute is a theoretical possibility, but this is a narrow application that would 

require additional testing. Overall, combining variable volutes and trimmed impellers 

foreseeably has relatively limited applications      

 

5.2.2 VFD and Variable Volutes 

 

Ideal VFD applications have relatively steep system head curves, consisting mostly of  

friction losses [20]. Systems with high static head and flat system curves cause efficiency losses 

as pump speed is decreased and the performance curve shifted towards lower head. Figure 5.1 

shows a general example of a pump performance curve shifted using VFD with two different 
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system curves [20]. The blue system curve is flatter and includes a larger static head component 

than the steeper (green) system curve. The operating point along the steeper system curve 

remains closer to BEP as the pump speed is reduced. Conversely, the operating point along the 

flatter system curve quickly drops to flow rates with lower efficiency.  

Combining a variable volute with VFD may help to mitigate the reduced efficiency that is 

inherent to incorporating VFD, or any technology that similarly shifts the performance curves, in 

systems with steep head curves. Testing will be necessary to explore the viability of this concept, 

but it is one application to consider. Systems with steeper head curves (mostly friction head 

losses) could theoretically combine VFD with an adjustable volute mechanism, but the margin 

for efficiency improvement is smaller based on the analysis presented in Chapter 3.    

 

 

                            Figure 5.1 - System Curve Comparison with VFD [20] 

 

 Overall, the potential for combining the pump improvement methods examined in 

Chapters 2-4 is limited by the inherent characteristics of each technology. For example, VFD and 

impeller trimming are not suited to work together, since VFD provides the same manner of 

performance curve shifts as impeller trimming with a wider range of variability and flexibility. 

The additional cost, maintenance, and complexity of an adjustable volute mechanism is also 

unlikely to make its incorporation with VFD or impeller trimming beneficial, with the possible 

exception of VFD in systems with large static head components and flat system curves.    
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5.3 Adjustable Speed Drive Alternatives 

 

So far, this thesis has considered VFD as the primary form of ASD. However, an 

alternative technology is available with characteristics that may alleviate many of the concerns 

for incorporating VFD into shipboard systems. This section described the advantages of 

permanent magnetic drive (PMD) technology compared to VFD and analyzes it as a potential 

option for the DDG firemain system.    

 

5.3.1 Permanent Magnetic Drives (PMD) 

 

A permanent magnetic drive (PMD) is a form of ASD that functions much differently  

than VFD while achieving a similar purpose. Flux Drive ASD, shown in Figure 5.2, is one 

example of PMD technology that uses magnetic induction to transfer torque across an air gap 

between a magnet cylinder attached to a motor and an induction rotor affixed to the load [47]. 

After the motor is started, the permanent magnets on the cylinder rotate around the induction 

rotor bars, inducing magnetic flux and causing the rotor bars to develop a magnetic field [47]. 

Once the rotor is magnetized, it will rotate to follow the permanent magnets on the cylinder. A 

linear actuator adjusts the overlap between the cylinder and rotor, changing the number of 

magnets that influence the rotor to vary pump speed [47]. PMD technology is an improvement 

on legacy electromagnetic eddy current drives, which require an external power source to 

energize magnets, inherently introducing efficiency losses [47].   

 

 

Figure 5.2 - Flux Drive ASD Diagram (Source: [47]. With Permission.) 
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Although there must always be slip, or differential speed between the cylinder and rotor, 

the Flux Drive ASD operates with efficiency as high as 98.5 percent [47]. Figure 5.3 shows a 

comparison of the energy savings between Flux Drive ASD and VFD in reference to control 

valve throttling [47]. Magnetic resistance in the Flux Drive ASD creates some energy waste in 

the coupling, but the PMD is still significantly more efficient than the control valve (see section 

2.2.1) [48]. Furthermore, Figure 5.3 shows that Flux Drive ASD is more efficient than VFD 

when operating with flow percentage greater than ninety percent [47].      

 

 

       Figure 5.3 - Flux Drive ASD and VFD Energy Savings (Source: [47]. With Permission.) 

 

In addition to facilitating similar energy savings as VFD, Flux Drive ASD offers 

numerous advantages over VFD, especially for Navy applications. Since no electronic power 

conversion is necessary, the harmonic interreference that occurs with VFD applications 

(discussed in section 2.2.2) is not an issue [47]. The Flux Drive ASD can be retrofit to any 

existing motor [47].  Furthermore, it is entirely mechanical and does not require complex 

electronics, programming, or advanced electrical training to install and maintain [47]. 

Additionally, the air gap between the cylinder and rotor reduces noise and vibration and, unlike 

VFD, the Flux Drive is suitable for harsh environments [47]. Since these characteristics are the 

primary hindrances to incorporating VFD in shipboard systems like the DDG firemain, PMD is 

potentially a viable solution to create energy savings and reduce excess pressure. 
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5.3.2 Comparing PMD Technology to the Trimmed Impeller Solution    

 

PMD enables similar operability and energy savings as VFD without its most limiting  

drawbacks and restrictions. In this way, it offers many of the same strengths and benefits of the 

Trimmed Impeller Solution with an increased range of variability.     Table 5.4 presents a Pugh 

Matrix comparison of PMD and the Trimmed Impeller Solution.   

 

 

    Table 5.4 - Comparison of Trimmed Impeller Solution and Flux Drive ASD (Pugh Matrix) [46] 

  

 According to the ratings in  Table 5.4, the Trimmed Impeller Solution still has a slightly 

higher net score than PMD. Although the Trimmed Impeller Solution offers less variability than 

PMD, it is superior in the categories of reliability and maintainability. Even though the PMD is a 

relatively simple mechanism, its linear actuator, for example, represents an additional point of 

failure. As a countermeasure, the actuator can be set to default to a specific position and manual 

control is possible, but it still requires extra maintenance and would disrupt system operation 

upon failure [47]. The increased redundancy that the Trimmed Impeller Solution provides, 

discussed in section 4.2.2.2, is also a key advantage.  Table 5.4 shows that the PMD scores 

higher than variable impellers, which have less variability and would likely be less reliable 

mechanisms. Overall, PMD ASD is a prospective option for the DDG firemain and other 

shipboard systems, but the Trimmed Impeller Solution offers unique benefits and inherent 

simplicity.   
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6 Recommendations and Conclusion 

 

6.1 Proposals for Continued Research and Testing 

 

This thesis reviews the theory and characteristics of trimmed impellers, ASD, and variable  

impeller and volute geometry as pump improvement methods. It further analyzes their individual 

and combined potential for incorporation in the firemain system of the Navy’s guided-missile 

destroyers. While some of the technology reviewed, like VFD and traditional impeller trimming, 

is already well documented, the variable geometry concepts have not been thoroughly studied 

and the Trimmed Impeller Solution is unique to the given application. Continued research in 

these areas will be necessary to ensure the development and application of reliable and efficient 

solutions for the DDG firemain and other systems with similar challenges.  

 

6.1.1 Physical Testing of Solutions for the DDG Firemain  

 

The analysis performed in Chapter 5 concludes that the Trimmed Impeller Solution and  

PMD ASD are potential options to improve the performance of the DDG firemain system. 

However, physical testing of these concepts in the shipboard environment is necessary to 

confirm their viability. This is especially important for the Trimmed Impeller Solution, which is, 

as of yet, an entirely theoretical proposal. As discussed in Chapter 4, the firemain system consists 

of pipe branches that extend throughout the entire ship to supply numerous vital components. 

Testing is necessary to verify that the reduced capacity pumps are able to maintain the minimum 

required flow and system pressure at even the most far reaching branches and services. 

Additionally, more thorough analysis is required based on the preliminary suggestions of section 

4.2.1 to determine the exact placement and configuration of the new NSTFP in the system as 

well as which of the existing impellers is most suitable to trim.  

PMD ASD, although less experimental of a method, would likely still require shipboard 

trials before fleet-wide implementation could be recommended. Initially testing the PMD on a 

select number of ships would ensure that the equipment actually performs to the manufacturer’s 

specifications before a large investment is made in the technology. Maintenance requirements 
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and the actual performance and energy saving potential of the PMD would be important 

considerations, along with verifying that the mechanism is able to withstand the challenges of the 

shipboard operating environment.  

 

6.1.2 Physical Testing of Variable Geometry Pump Components 

 

Variable volutes are a relatively new concept in the field of pump technology. Most of  

the existing research, including the studies presented in section 3.1.1.1, is based on CFD 

analysis. The flow loop that Johnson and the author constructed at MIT (section 3.2.1) could be 

used to further examine the effect of varying the volute throat dimensions and area on the BEP. 

Also, the flow loop will test the performance of new concepts and mechanisms that would 

facilitate variability in operational volutes.        

 Further research on combining variable volutes with other pump improvement methods 

would also be valuable. In particular, the ability to shift the BEP to lower flow rates using a 

variable volute could reduce the efficiency reduction inherent to incorporating ASD technology 

in systems with relatively flat head curves. To prevent the creation of an excessively complex 

pump, volute variability might be considered as a partner for PMD ASD rather than VFD. 

However, the proposed combination of variable volutes and ASD is entirely theoretical. 

Experimental trials would be necessary to confirm that the expected BEP shift occurs as the 

volute throat area decreases with lowered pump speed and that the overall efficiency gain is 

sufficient to justify the added complexity of the adjustable volute mechanism.   

 Variable impellers are another element of adaptable pump geometry that could benefit 

from additional study. Section 2.3.1 reviews two axially variable impeller designs that could 

serve as a starting point for future development, but their lack of implementation suggests 

technical problems or issues with efficiency reduction. Radially variable impellers are a second 

concept that could be explored further. However, PMD ASD facilitates similar operation as a 

theoretical radially adjustable impeller with greater range of variability and, in all likelihood, less 

complexity.  Table 5.4 shows that both the Trimmed Impeller Solution and PMD ASD are 

superior options to variable impellers for the application of the DDG firemain system. Although 

variable impellers are a theoretical possibility, the availability of more competitive options limits 

their potential interest in future research.  
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6.2 Summary and Conclusion 

 

Many Pumping systems, including the DDG firemain presented in Chapter 4, have margin  

for improvement in energy efficiency or performance. The well-established pump improvement 

methods of ASD and impeller trimming, along with less studied concepts in adaptable geometry, 

present unique sets of advantages, disadvantages, and appropriate uses. Although these options 

are often analyzed separately, Chapter 5 shows that comparing their potential for a single 

application is helpful to highlight their individual strengths and to select the most suitable 

method for a particular system. Chapters 2-5 also provide extensive analysis of variable 

impellers and volutes, which have limited information published in other resources. Further 

research would be beneficial to explore potential mechanisms and applications for adaptable 

centrifugal pump geometry, especially variable volute concepts.      

 The analysis presented in the thesis, specifically in Chapters 4 and 5, indicates that the 

development of a custom application of traditional pump improvement methods may provide 

unique advantages over alternative options. The Trimmed Impeller Solution proposed for the 

Arleigh Burke-class guided-missile destroyer firemain system could theoretically save nearly 

10,000 gallons of fuel annually per ship by preferentially operating pumps with trimmed 

impellers during periods of low demand. Physical testing will be necessary to determine the 

viability of this and other options, like PMD ASD, in the shipboard environment. This approach 

could also be extended to other DDG systems and Navy platforms.  
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Appendices 

 

A.1 MATLAB Code for Impeller and Volute Characteristic Lines 
% Purpose: MATLAB Code created to plot impeller characteristic line  
% with varying volute characteristic lines 
% Author: Julia Cumming 
  
syms H Q; 
close all; 
  
% DEFINE COMMON COEFFICIENTS AND VALUES 
  
h0=0.79; % Busemann's Head Coefficient 
b=0.5; % Impeller Outlet Width (in) 
D=5.5; % Impeller Outlet Diameter (in) 
B=0.383972; % Impeller Blade Outlet Angle (rad) 
g=386.09; % Acceleration due to gravity (in/s^2) 
eff=1; % Hydraulic efficiency (Assumed) 
N=3500; % Impeller RPM  
u2=(pi.*D.*N)/60; % Peripheral Velocity Impeller (Outlet), in/s 
omega=366.5; % Impeller speed rad/s 
ImpellerFlow=6*0.27*1.37*.88; % Actual impeller outlet flow area  
% (adjusted to compensate for percentage of outlet blocked by the  
% impeller shroud) 
  
% DEFINE MODEL-SPECIFIC VARIABLES 
  
% Base Volute Model 
Base_rT=3.25; % Radius throat in inches  
Base_AT=0.688097944*0.88; % Throat area (in^2) 
  
% Smaller Volute Model 
Small_rT=3.25; 
Small_AT=0.558958876*0.88; 
  
% Larger Volute Model 
Large_rT=3.25; 
Large_AT=0.882087675*0.88; 
  
% DEFINE IMPELLER CHARACTERISTIC EQUATION 
  
eqn1=H==((u2.^2)./g-(u2.*Q)/(ImpellerFlow.*g.*tan(B))); 
  
% DEFINE VOLUTE CHARACTERISTIC EQUATIONS 
  
eqn2=H==(Q.*omega.*Base_rT)./(0.9.*g.*Base_AT); 
eqn3=H==(Q.*omega.*Small_rT)./(0.9.*g.*Small_AT); 
eqn4=H==(Q.*omega.*Large_rT)./(0.9.*g.*Large_AT); 
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% SOLVE SYSTEM OF EQUATIONS 
  
[solH, solQ]=solve(eqn1, eqn2); 
[solH1, solQ1]=solve(eqn1, eqn3); 
[solH2, solQ2]=solve(eqn1, eqn4); 
  
% CONVERT FINAL ANSWERS TO GPM (Q) AND FT OF H2O (H) 
  
BaseH=round(solH./12); 
BaseQ=round(solQ.*0.004329.*60); 
  
SmallH=round(solH1./12); 
SmallQ=round(solQ1.*0.004329.*60); 
  
LargeH=round(solH2./12); 
LargeQ=round(solQ2.*0.004329.*60); 
  
% GENERATE PLOT OF CHARACTERISTIC LINES 
  
x=0:.1:100; 
y1=(((x./(0.004329.*60)).*omega.*Base_rT)./(0.9*g.*Base_AT))/12; 
y2=(((x./(0.004329.*60)).*omega.*Small_rT)./(0.9*g.*Small_AT))/12; 
y3=(((x./(0.004329.*60)).*omega.*Large_rT)./(0.9*g.*Large_AT))/12; 
y4=((u2.^2)./g-
(u2.*(x./(0.004329.*60)))/(ImpellerFlow.*g.*tan(B)))/12; 
plot(x,y1,x,y2,x,y3,x,y4) 
hold on 
  
% HIGHLIGHT PLOT INTERSECTION POINTS 
  
plot(BaseQ,BaseH,'rx') 
plot(SmallQ,SmallH,'rx') 
plot(LargeQ,LargeH,'rx') 
  
title('Volute and Impeller Characteristic Lines') 
xlabel('Q (gpm)') 
ylabel('H (ft)') 
legend({'Base Volute','Small Volute', 'Large Volute','Impeller 
Line'},'Location','northeast') 
set(gcf,'color','w') 
 

 

 



107 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



108 
 

A.2 Energy Savings Calculations Sample Spreadsheet 
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