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INTRODUCTION 

Fossil fueled electrical power plants continue to account for the majority of U. S. electrical generation. 
Approximately 14% of all U.S. electrical energy production is used to drive motors in industrial plants 
alone (a significantly greater percentage is used for all motor applications combined). At most industrial 
facilities, motor loads associated with pumps and fans are the dominant electric energy users. As plant 
loads and consequent system functions change, the optimal operating conditions for these components 
change. In response, modifications to system operations are often made with only one consideration in 
mind - keeping the system on line. Even this factor is frequently assessed for the immediate time frame 
only, with little or no consideration given to accelerated wear (and consequent increase in unavailability) 
associated with operating equipment at off-design conditions. Excess operating costs and increased 
equipment downtime are an inherent result. 

At the Y-12 Plant in Oak Ridge, a fluid system energy efficiency improvement methodology is being 
developed to facilitate the systematic review and modification of system design and operations to increase 
operational efficiency. Since the bulk of the changes are associated with reducing the numbers andor 
loads of motor-driven pumps or fans, there are direct benefits in reduced electrical generation and 
consequent waste heat production and air emissions. 

This paper will discuss the types of inefficiencies that tend to evolve as system functional requirements 
change and equipment ages, describe some of the fundamental parameters that are useful in identifying 
these inefficiencies, provide examples of design and operating changes being made, and detail the resultant 
savings in energy. 

FACTORS THAT CAN AFFECT OPERATIONAL EFFICIENCY 

Initial Design Considerations 
Historically, engineers have tended to design structures, systems, and components conservatively. For 
example, the robustness and durability of bridges is a testimony to historical engineering practices which 
included the application of considerable design conservatism. The excellent history of such structures has 
resulted in the implicit assumption that they will continue to function indefinitely. More careful 
examination in recent years has caused some to express concern over the decay of national infmtructures 
such as these, and industry experts are attempting to devote more attention to these structured. It is ironic 
that the absence of catastrophic failures may minimize the sense of public urgency, and thereby make the 
task of securing resources necessary for preventive maintenance and periodic monitoring more difficult. 
Over the long term, less than optimal attention may ultimately result in more widespread difficulties and 
significantly higher costs. 

In the design of industrial fluid handling systems, the design engineer must address a variety of overall 
system functional requirements issues, for example: 

maximum flow and head requirements, 
type of fluid handled (e.g., air, demineralized water, raw water, etc.), 
load profiles (Le., flow and head requirements as a function of the time of day, week, month, weather 
conditions, etc.), 
anticipated changes in system load, and 
effects of equipment aging (e.g., pipe and heat exchanger fouling). 

Some of these example issues can be relatively straightforward, for example the fluid to be handled. 
Others, such as flow and head requirements depend upon accurate system modeling. Historically, 
engineers have recognized that in addition to the inherent uncertainties in many of the issues affecting 
design specifications, there may be unrecognized factors that affect present and/or future requirements. As 
a result, most systems are designed with multiple layers of margin. The margin may be implemented in a 
variety of ways, such as specifying a 500 gpm pump for a 300 gpm load or installing five parallel pumps 
for a service where three may be needed under the most severe weather conditions. 
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From a system reliability and availability standpoint, this conservative design practice has normally proven 
effective, just as bridge designs have proven their robustness with time. As noted above, the reliability of 
bridges may be, in a sense, contributing to their own collective degradation. While the cost to be paid for 
bridge robustness may be a lack of attention and the allowance of this long term decay, the effects of 
conservatism in fluid system design is manifested in other ways. First, operation of rotating equipment 
such as pumps and fans under conditions that are considerably different design conditions will lead to 
reduced life. For example, pumps operated at low-flow conditions are likely to experience accelerated 
aging.23AS 

In addition to the concern over service-wear effects, it is important to recognize that pumps and fans 
operated at off-design conditions are inherently inefficient and as a result cost more to operate. Example 
head and efficiency performance curves for a centrifugal pump are shown in Figure 1. Note that the pump 
horsepower requirements are approximately linear with flow rate for this style pump (relatively low 
specific speed, Ns = S O ) ,  and the pump efficiency drops significantly for lower flow rates. Higher 
specific speed pumps tend to have somewhat flatter, or even dropping brake horsepower curves (with 
increasing flow), but the general pump efficiency trend is similar for most centrifugal pumps. Thus, the 
overdesign of pump systems (in the sense of excess capacity) may provide some operating margin, but at 
the expense of increased operating costs and likely in increased maintenance. 

Clearly, it is not always possible to simultaneously optimize the operational efficiency, maximize system 
availability, and provide for potential increases in load. However, generally speaking, the historical 
design focus has been primarily or exclusively on ensuring sufficient capability, with much less attention 
given to ensuring that equipment is operating most efficiently. 

Change 
Change is perhaps the most common denominator across the multitude of industries that exist today. 
Whether a particular facility is used for production, research, or simply for office space, change in facility 
support requirements with time must be expected. Many also find that the rate of change has accelerated 
greatly in recent years as the result of diverse factors such as the end of the cold war, global competition, 
and a plethora of new management philosophies. 

With these changes, the support structures of many organizations are challenged. Available labor and 
financial resources are more and more being focussed on short-term delivery issues. There are many 
symptoms of this short-term focus, but in many cases the most dramatic effects appear with time. Thus, 
focussing of resources to achieve optimum near term dividends can, in the long term, prove to be penny- 
wise, pound-foolish. In such periods of rapid change, it is often the most solid yet critical structures, 
whether physical, societal, or organizational in nature, that receive the least attention. 

Fluid handling systems are frequently burdened with the effects of change and narrowness of vision. 
They are not only one of the most common, but are often among the most critical operational support 
systems in industrial facilities (electrical power distribution obviously being another). When the fluid 
handled is a direct, integral part of the manufacturing process, such as when a pump is used to handle 
material that is being produced for sale, the importance of both the reliability and the operating cost of the 
pump is easily recognized and receives an appropriate level of attention. 

Processes that are less directly involved in the production line operation - such as those used to support 
building and process heating and cooling - are often collectively lumped into a category called utilities. 
In effect, utilities are a vital part of the facility infrastructure, just as bridges are vital parts of the national 
infrastructure. Depending upon the facility organintion, the utilities may be managed by an entirely 
different group than that responsible for production. Regardless of management structure, it is often the 
case that so long as the required utilities function without causing excess process interruptions, there is a 
general level of satisfaction. The attendant operational costs are then regarded simply as a necessary evil. 

As a result of the widely prevailing attitude regarding facility utilities, the natural evolution of utilities 
operations is to learn what it takes to make existing equipment work and then stick with those operating 
practices. When the functional requirements of the facility are constant with time, this approach often 
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works quite well. But when changes occur, the "do what it takes" philosophy can be severely challenged. 
Practices that worked 20 years ago may continue to be used (and continue to "work) but, with changed 
system requirements and equipment capability, significant inefficiencies can result. 

While there are many possible sources of change that affect utility fluid system operation, two particular 
sources are very common: 

changes in functional requirements. 

More detailed discussion of the effects of these on overall system efficiency is provided below. It should 
be noted that these and other sources of change may be synergistic in nature; alternatively, in some cases 
they may tend to be offsetting. 

changes in equipment performance due to aging and service wear, and 

Aging and Service Wear 
Aging occurs in all mechanical systems, regardless of whether it is operated or not. There are a variety of 
factors that affect the aging rate, including the robustness of design, and the types and extent of service 
stressors. The effects of aging can be understood and trended with the assistance of pertinent predictive 
maintenance and diagnostic tools and minimized by periodic preventive maintenance and refurbishment. 
Carefully monitored, well maintained mechanical equipment such as pumps and compressors can provide 
decades of reliable service. 

However, improperly maintained equipment will experience continual decline in performance with age. 
One important group of components in utility fluid systems that has been observed to be particularly 
subject to aging effects at our facilities is cooling towers and their fans. Examples of the types of 
problems encountered are: 

degradation of cooling tower fill materials, and . 
plugging of headers. 

These problems are greatly exacerbated by health and safety considerations (Legionella) associated with 
working around cooling towers. For many tower applications, specially trained workers are required to 
perform maintenance activities in respirators. With limited resources, this has sometimes resulted in 
towers being out of service for extended periods. (Note that this points to another potential source of 
excess operational costs - difficulties in getting maintenance support). 

accelerated wear of fan drive train components (resulting, in large part, from the service environment), 

If cooling tower fans are unavailable, operators are sometimes forced to run more pumps than would 
otherwise be required. For example, several 150 hp pumps may be run through towers without fans in 
operation .(i.e., all cooling is by natural circulation) where a single pump might suffice with adequate 
cooling tower fan capacity. 

Loss or degraded fill results in degraded heat transfer. As with the case of loss of fans, operators may be 
forced to operate excess pumps to compensate. 

Clearly, many other sources of service wear exist that affect equipment capability. Some types of service 
degradation may not result in degraded performance or increased cost. For example, fouling of pipes may 
increase frictional losses, but if a control valve is throttling flow to reduce pressure, the pipe fouling may 
simply result in a reduced level of throttling. Nevertheless, it is important to recognize that in many cases, 
unmitigated aging results in degraded performance and increased operational cost 

Changes in Functional Requirements 
As time goes by, many facilities experience signifcant changes in mission and as a result changes in 
facility operations. Whether the flow and head requirements increase or decrease, it is more often the case 
than not that the system efficiency is adversely affected. 

One pertinent example of this type of experience occurred with a demineralized water pump service 
application at the Y-12 Plant. Originally, four identical parallel pumps were installed to support a variety 
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of experimental and building cooling facilities in the Fusion Energy Division. General design parameters 
for the pumps are provided in Table 1 and performance curves in Figure 2. 

Originally, certain experimental facility operating conditions required the operation of two or more of these 
pumps simultaneously to meet system flow and head requirements. Over the course of the years, the 
experimental facilities served by the pumps changed dramatically (some were removed from service), and 
in recent years the system flow demands have typically been lo00 gpm or less, and a single pump more 
than met system demands. At rated flow conditions, the shaft power requirements are about 325 hp and 
about 170 hp at lo00 gpm. But the pump head is approximately 30% higher at 1000 gpm than at rated 
flow conditions. A review of the facilities in the building that are currently using the demineralized water 
revealed that a pressure reducing valve was installed upstream of each unit. These circumstances 
suggested a significant mismatch between the as-installed design and the current operational requirements. 

A review of alternative design changes idenMied some possible candidate solutions: 

The option of installing the slower speed motor was selected for several reasons including: 

trim one of the pump impellers, 
install a variable speed drive for one of the motors, or 
replace one of the motors with a slower speed motor. 

1) the load has been relatively constant, and continuous variability provided by the variable speed drive 
did not appear necessary, 

2) the availability of multiple pumps provides significant flow control should additional capacity be 
required in the future, 

3) the as-installed impeller was five inches less than the maximum impeller diameter, and further 
trimming would reduce its maximum efficiency, and 

4) operation at the slower speed is expected to reduce maintenance requirements on pump components 
such as seals and bearings and reduce ambient noise levels. 

Coincidentally, the motor for one of the four pumps had a damaged housing and was not usable so it was 
selected as the motor to be replaced. 

The replacement is a 125 hp, 6-p0le, 460 volt motor, with a nominal operating speed of 1190 rpm. Note 
that by reducing the speed to approximately 2/3 of the original, the power requirements are dropped 
significantly. Pump affmity laws dictate the following general relationships for centrifugal pumps: 

Flow QC speed 
Head QC speed2 
Power QC speed3 
The anticipated pump performance characteristics after motor replacement are shown in Figure 3. 
At the lower operating speed, the developed head at loo0 gpm is expected to be about 163 ft (about 70 
psid). Although this is less than half the current head of approximately 370 ft, a survey of local users of 
demiqeralized water indicates that it will be satisfactory. The brake horsepower requirement at lo00 gpm 
is anticipated to be about 60 hp vs. 170 presently. Given average motor efficiencies of 93%, the annual 
power savings are expected to be over 770,000 kwhr, equating to over $45,000 in electrical power 
savings per year, even at the relatively modest rate of 5.85 #/kwhr. 

DEVELOPMENT OF A FLUID SYSTEM EFFICIENCY IMPROVEMENT PROCESS 

There are several factors to consider when seeking to improve the operational efficiency of fluid systems. 
Cost is one obvious factor. The availability of capital funds to make design improvements, a 
determination of what payback period is required, an assessment of the cost justification for automatic 
controls, and many other such considerations come into play. But before these issues are addressed, a 
thorough understanding of existing operations is necessary. 
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Sources of inefficiency in fluid handling systems can be varied. While it would obviously be helpful to 
have a simple step-by-step approach to reviewing system operations for sources of inefficiency, it must be 
recognized that the variables involved are complex and-interdependent, and fill-in-the-blank forms are 
simply not feasible in many situations. 

However, there are some very fundamental principles that, if thoroughly imbedded into the process and 
the people conducting the review, will seldom fail to point out at least the major sources of inefficiency. 

Too Much of a Good Thing 
The old cliche' "you can't get too much of a good thing" is almost universally wrong, and is certainly 
wrong when it comes to fluid system efficiency. Another proverb - "moderation in all things" - comes 
much closer to the mark. 

Most fluid systems intentionally add energy to fluid through pumps and fans and intentionally transfer 
energy from one fluid to another through heat exchangers. These two energy transfer points are prime 
candidates for'excess that leads to inefficiency. In the simplest.of terms, there are two important ''too 
much" factors that should be looked for at these two points: 

too much flow, and 
too much differential pressure or head. 

Pumps and fans are designed to operate most efficiently at specific flow and head conditions, but can 
usually operate over a very broad range of conditions. The first order of business when assessing pump 
or fan operation is to see how close to its best efficiency point (BEP) it is operating. The development of 
too much flow (beyond BEP) or too much head (less than BEP) indicate non-optimum pump conditions. 
The operation of the demineralized water pump at low flow conditions cited above is an example of a 
pump being operated at off-design conditions where the most direct indicator of inefficiency was simply 
where on the pump curve operation was occurring. 

The concept of BEP is not particularly useful in considering heat exchanger performance. Nevertheless, 
looking for excess flow and head are very useful exercises. One of the simplest, but most effective ways 
to look for flow excesses is not to measure flow - but to observe temperature differentials. If the fluid on 
the side from which heat is being removed is cooled excessively, there is an indication of unnecessary or 
inefficient work being performed. On the other hand, if the fluid on the side that is removing heat 
experiences little or no measurable change in temperature, that may be an indication that there is excessive 
flow, which in turn indicates unnecessary energy consumption. 

For example, assume that a fluid being cooled (call it the primary fluid) by a heat exchanger must exit at 
80'F to meet other system requirements, and it is being cooled from 82'F to 76'F at present operating 
conditions. At first glance, this may not appear to be excessive. But what if the fluid on the other side of 
the heat exchanger (call it the secondary fluid) is entering at 70°F and exiting at 70.2'R Could the flow 
rate of the secondary fluid be reduced and still meet requirements? Obviously, the answer is yes. In fact, 
without any other information, one could conservatively guess that the secondary flow rate could be 
dropped by an order of magnitude without significantly affecting the exit conditions of the primary 
coolant. If several parallel pumps are being operated to provide the secondary flow, there may be an 
opportunity to turn some off. 

In the case of h&d or differential pressure, probably the most common indicator of "too much" is a 
throttled valve or valves. Take, for example, a pump that delivers flow into a common discharge header 
that services ten devices, each of which has either a pressure reducer or throttling valve. If most or all of 
the loads normally operate with inlet (or outlet) valves throttled, there is an inherent indication of 
inefficiency. Note that the pump may be operating at its best efficiency point. However, the fact that all 
the loads served by the pump need less head than developed indicates that a lower head pump would 
suffice. Since the energy deposited into the water by pumps and fans is proportional to the product of the 
head and flow rate, a pump of similar efficiency operating at lower head would require less energy input. 
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Operation at non-BEP conditions does not necessarily indicate the need to change design or operations, but 
it does indicate the need to further investigate, and some logical questions should be asked. 

Why is the'equipment being operated at the existing conditions? 
What fraction of the time it is being operated at non-optimal conditions? 
What are the range of conditions and periods of operation (e.g., operated at 50% of BEP flow 60% of 
the time and 90% of BEP flow 40% of the time)? 

Questions such as these must be answered before the process of considering whether it would be cost 
effective to make changes in operation or design can begin. It is also important to point out that for these 
simple examples, there are a variety of other operational factors that would have to be considered. But, 
fundamentally, these siniple types of "too much" flow or head indicators are very useful in identifying the 
existence of potential inefficiencies. 

TRAINING 

Perhaps the most important factor in combating the forces of entropy generation is a knowledgeable staff. 
It is often the case that operations personnel, in particular, are trained in how to operate equipment but are 
not always given training in the fundamentals that govern equipment and system operation. Without such 
training, a system that fights operators and maintenance personnel and at the same time wastes energy 
often results. 

A training program that covers the fundamentals of Bernoulli's equation, frictional forces and their effects, 
pump and fan performance characteristics, heat exchanger performance, and the interaction of components 
within systems can be of immeasurable worth. Given a reasonable understanding of these factors, 
operators will automatically be better armed to deal with the systems in their charge. Without such 
knowledge, inefficient operation is almost guaranteed. 

When there is an absence of understanding of these fundamental principles, one may find, for example, 
multiple parallel pumps being operated with throttled discharge valves. The operator may believe that 
operating the multiple pumps provides the flow needed, while the valves must be throttled to reduce 
pressure. If armed with a more fundamental understanding of hydraulic principles, the operator's 
paradigm changes and the inherent conflict is readily apparent. 

SUMMARY 

The Y-12 Plant is in the early stages of a fluid system efficiency improvement program. The program will 
involve the review of current operations and existing designs, recommend changes where appropriate, and 
provide training to operational personnel. But equally importantly, the program will systematize and 
simplify, inasmuch as is feasible, the approach to be used subsequently. Since changes in system 
capability and requirements will no doubt continue to occur in the future, it is anticipated that the 
systematic review process will be periodically invoked. It is therefore critical that the review process itself 
be streamlined and efficient. 

In addition to the goal of improving our own facility operation, one of the improvement program goals is 
to make the process generic such that it can be applied broadly to fluid system reviews. Another goal is to 
develop a training program that can be used not only for Y-12 and other Lockheed Martin facilities' 
personnel, but which can be made available for other facilities. 

Technologies developed at Oak Ridge facilities have been transferred to the public domain and are being 
widely applied commercially. It is our conviction that there & tremendous opportunity not only at Oak 
Ridge facilities, but industry in general, to improve the energy efficiency of fluid handling processes. We 
look forward to developing the fluid system efficiency improvement program that can be applied within 
our plants and ultimately used by others to reduce energy consumption and the attendant cost and 
pollution. 
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Table 1. Demineralized water pump nameplate data 

Parameter Value 
Rated flow 3700 gpm 
Rated head 292 ft 
Impeller diameter 17.9 in 

1785 rpm 
350 hp, 4-pole, 2300 V 
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Figure 1. Typical pump performance curves with normalized head, power and flowrate. 
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Figure 2. Demineralized water pump performance curves. 
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Figure 3. Anticipated demineralized water pump performance curves with 6-pole motor. 
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