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Abstract

Due to the logistical difficulties involved in maintaining a rural Alaskan power 

generation facility, it is extremely important that the system function as efficiently as 

possible. Presently, many rural generation systems are not equipped with automated 

monitoring that enables knowledgeable personnel to view the performance of the system 

from a distant location. Consequently, system deficiencies resulting in increased fuel 

consumption and operating expense often go unnoticed as do potential system 

improvements. This thesis describes the design and implementation of a sophisticated 

monitoring system that consists of measurement sensors connected to an internet enabled 

data recorder. The monitoring system was used to continuously record the various forms 

of energy entering and leaving a diesel generator operating on the UAF campus. While in 

operation, the monitoring system was instrumental in identifying several measures that 

could be taken to improve the operating efficiency of the generator and also provided 

sufficient means to examine the economic feasibility of their implementation. The 

measures that were examined included heat recovery, conditioning of output power, and 

improvement of operating techniques.
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CHAPTER 1 

Introduction

The generation of electric power in Alaska is very different compared to the 

continental United States due to the lack of a state wide power grid and the large number 

of communities that generate their electric power on-site. Most communities in this large 

state can be described as isolated, being located a great distance from any modern power 

transmission infrastructure such as high-voltage power lines and large power generation 

facilities. For this reason, coupled with the fact that many Alaskan communities consist 

of only a few hundred inhabitants or less, it is far more efficient in terms of cost and 

maintenance for most Alaskan communities to generate their electricity on-site rather 

than being connected to a power grid with long transmission lines.

Diesel generators are the main source of power for most rural Alaskan 

communities. Given the isolation of most of these communities, there are severe 

logistical barriers that must be overcome in the transportation and storage of the diesel 

fuel required to supply the generator. Whether it is electrical energy or harnessed rejected 

heat, getting as much work as possible from the prime mover is of extreme importance to 

utilize the energy contained in the diesel fuel.

The following thesis summarizes a project performed with the long-term objective 

of installing a fully automated monitoring system in a small, isolated Alaskan community 

that produces its electricity on-site with diesel generators. The purpose of the monitoring 

system is to record the energy entering and leaving a diesel power generation system. In 

doing so, sufficient data are gathered that allow recommendations to be made to improve 

the overall efficiency of the generation system in various forms. The monitoring system 

being used as an operation and maintenance tool for a diesel generator is also 

demonstrated.

The research data described in this paper were taken from a monitoring system 

installed on a 125 kW diesel generator located at the University of Alaska Fairbanks 

(UAF) Energy Center. This research project exemplifies how the efficiency of a diesel 

generator system can be improved through the implementation of a monitoring system
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that records critical parameters of the generator operation. The specific goals of installing 

the monitoring system on the diesel generator located at UAF are to:

1) Prove that sufficient pertinent data can be gathered by the monitoring 

system to allow system designers to construct a complete energy 

balance of the system, even from a location remote to the generator.

2) Provide examples of how the monitoring system can be used to

identify preventative maintenance procedures that need to be

undertaken.

3) Gain experience in the installation of monitoring systems and types of

equipment to purchase to facilitate the implementation of a monitoring 

system in a rural village.

From a research and development (R&D) perspective, two important parameters 

recorded by the monitoring system are the fuel efficiency of the diesel generator and the 

rate that the excess heat energy is rejected to the coolant. Knowing these parameters 

allows the designer to gauge the usefulness and economic feasibility of additions and 

improvements to the generation system.

The fuel efficiency is defined as the electrical energy output of the generator 

divided by the amount of diesel fuel consumed. The size of the electrical load placed on 

the generator is one of the determining factors of the kWh to gallons ratio for diesel 

generators. Knowing the fuel efficiency of any one generator is critical in knowing how 

appropriately the generator is sized for the electrical system and to develop a control 

scheme for systems with several generators operating in parallel.

Another important R&D function of the monitoring system is its ability to record 

the amount of excess heat leaving the diesel generator primarily from the coolant loop 

and radiator. Knowing the amount of heat rejected from the engine determines the 

economic feasibility of harnessing this heat for useful purposes. Several Alaskan 

communities have capitalized from utilizing excess heat.

From the perspective of the operator of the diesel engine, a monitoring system 

similar to the one constructed in this project also serves two useful purposes. First,
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continuous knowledge about the generator operation is vital for determining when 

maintenance procedures need to be performed. An increased operating temperature, 

decrease in fuel efficiency, or disturbances in the cooling system operation are all 

examples of maintenance issues than can be identified by the described monitoring 

system.

Second, the remoteness of most communities that employ diesel generators 

creates logistical problems in having the generator examined on a consistent basis by 

personnel knowledgeable in generator operation and maintenance. An internet-enabled 

monitoring system such as the one used in this project enables knowledgeable personnel 

to monitor the operation of the generation system without traveling to the isolated 

community. Engineers or trained technicians can view the operation of the generator on a 

consistent basis and gain insight as to when maintenance to improve the generator 

operation needs to be undertaken. They may even be able to instruct the local operators of 

procedures to take in an emergency situation.

Although the monitoring system described in this paper was not installed in a 

remote community, implementing a prototype system on a diesel generator similar to 

those used in rural Alaska serves a useful purpose in demonstrating first-hand the 

importance of continuous monitoring.

1.1 Electric Power Infrastructure within Alaska

The process of generating and transmitting electric energy is unique in Alaska as 

the state neither imports or exports electric power. Hawaii is the only other state that is in 

this situation [1], As a result, Alaska must rely on the natural resources available within 

its borders to generate the electric power to supply its needs.

1.1.1 Fuels Used for Power Generation within Alaska

Natural gas is the primary choice for power production within Alaska due to an 

easily available supply in the south central portion of the state near its primary population 

center. The other commonly used fuels for power generation are coal and petroleum with
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petroleum being the most dominant in rural Alaska. Hydroelectricity has a significant 

presence in Alaska’s southern coastal areas. The overall percentage of power generated 

by each fuel source in Alaska is shown in Figure 1.1.1:

Coal - 4%

Figure 1.1.1: 2001 Alaska electric power generation by fuel type [1]

Renewable energy is slowly beginning to have a presence in Alaska. A handful of 

rural communities are experimenting with “hybrid” power systems, meaning that the 

electricity generated by the primary generator is supplemented by power generated from 

other sources such as wind or solar. Two different communities located on the west coast 

of Alaska are currently receiving a portion of their power from wind generators [2],

1.1.2 Power Transmission within Alaska

In 2002, approximately 74% of the Alaskan population lived on the “rail belt,” the 

portion of the state which is interconnected by the primary highway system and on which 

most of the sizeable cities of the state are located [3]. The rail belt extends from Homer
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on the south tip of the Kenai Peninsula to as far north as Fairbanks in the central part of 

the state. There are high-voltage transmission lines, the largest being 138 kV, connecting 

each of the cities on the railbelt. This is the only sizeable power grid in Alaska and it is 

operated and maintained by seven different privately owned power utilities [4].

Figure 1.1.2: Approximate portion of Alaska interconnected on Railbelt grid

In 2001 there was approximately 2,260 MW of electric power generated 

commercially by Alaskan power utilities. Of this generated power, over 80% was 

generated by the seven rail belt utilities. The remaining 20% of utility generated power is 

distributed over a patchwork of unconnected small grids (basically just distribution 

systems) throughout the state [4].

Of this non-railbelt power, a large percentage is generated by hydroelectric dams 

on the coast in the southeastern part of Alaska. The remainder of the generation capacity 

is primarily small power generation systems, typically diesel motors, supplying single 

communities. In 2003, approximately 13% of Alaska’s population (70,000 people) 

resided in communities that rely on diesel generators as their primary power source [5].
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1.1.3 Current State of Power Generation within Rural Alaska

The widespread electrification of rural communities within Alaska began 

in the 1960’s and accelerated in the 1970’s due to increased wealth brought into the state 

by the completion of the Trans-Alaska Pipeline [4]. The rate of energy consumption in 

rural Alaska is steadily increasing. From 1990 to 2000, the total energy consumption of 

185 rural communities that receive assistance from the Alaska state government (more 

about this in Section 1.2.5) grew from 293,086 MWh to 391,454 MWh, a 33% increase in 

only 10 years [6].

A 2002 report by the Alaska Energy Authority (AEA) states that there are 198 

“rural” communities that have centralized power systems, with nearly all of these 

communities using diesel generators to provide their electricity [3]. A rural community in 

Alaska is typically defined as a community that is not connected to the State’s road or 

marine highway system.

For a number of reasons, diesel engines have traditionally been the prime mover 

of choice for power generation in remote locations throughout the world. The advantages 

of using diesel generators over other forms of electricity generation are due to their 

ability to supply a wide spectrum of electrical loads, relative ease of transportation and 

installation, and small space requirements, enabling them to be transported to and 

installed in almost any location. The drawbacks of diesel generators are that they incur 

high operating expenses and require substantial maintenance [7].

The capacity of the power generation systems in rural Alaska varies widely 

depending on the size of the community. Many of the smaller communities have power 

generation systems with only two generators with a combined capacity of less than 100 

kW. For example, Lime Village, a very small Alaskan community with under 100 

residents, uses two generators (sized at 21 kW and 35 kW) to supply its electric power 

[8]. The two largest rural utilities that operate entirely on diesel generators are the Nome 

Joint Utilities System (NJUS) and Kotzebue Electric Association (KEA).The KEA also
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receives a portion of its power from several wind turbines. In 2001, these utilities had

20.4 and 17.7 MW of installed capacity, respectively [1].

The typical interior Alaskan village power system closely resembles a distribution 

system for a residential area found in the continental United States with most loads 

consisting of homes or small businesses that require single phase power. In the typical 

village there are usually only a handful of facilities requiring three-phase power such as a 

school, public utility center, or airport [9]. In extremely small villages the primary user of 

electricity is the community washeteria, a water distribution and laundry facility 

containing large electric motors for the pumps and laundry equipment.

1.2 Challenges in Operating a Generation System in Rural Alaska

Due to the fact that the primary form of transportation into and out of most rural 

Alaskan communities is by boat or airplane, it is very difficult to transport adequate 

amounts of diesel fuel and maintenance supplies to keep a large diesel generator 

operating continuously. Understandably, the cost of fuel can be extremely high by the 

time transportation and storage costs are factored in. Many communities also suffer from 

a lack of proper maintenance on their generation facilities. Due to the remoteness of the 

community it is difficult for trained technical personnel to visit each village on a 

consistent basis to provide regular or preventative maintenance. Performing repairs in an 

emergency situation can also be troublesome.

1.2.1 Typical Transportation Methods of Diesel Fuel

Large barges are the preferred method of transporting diesel fuel to communities 

in bulk quantities. In general, barge delivery is the cheapest and most convenient method 

of fuel transportation due to its ability to transport large amounts of fuel at one time [4], 

As most communities in rural Alaska are located either on the sea coast or on the banks 

of a large river, most of these communities receive a year’s supply of fuel by barge in the 

summer months. During this time period, large quantities of fuel are transported to rural 

communities and stored in large tank farms. Adequate amounts of fuel must be
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transported and stored during the summer months as barging is not possible during the 

winter.

Fuel transportation represents a larger logistical hurdle in communities that are 

not located on a river or the nearest river is too shallow to accommodate barge transport. 

The Alaska Energy Authority (AEA) estimates that there are 40-50 villages that must 

have their diesel fuel flown in on tanker planes. Relative to barge transports, only a small 

amount of fuel can be transported to these villages at any one time, primarily due to their 

airstrips being too short to accommodate large airplanes [4]. Consequently, fuel 

deliveries must be made to these villages throughout the year, further increasing the 

transportation costs.

1.2.2 Cost of Diesel Fuel in Rural Alaskan Communities

According to a 2003 report by the AEA, roughly 30% of the electric power 

related costs incurred by rural utilities over the course of a year were involved with 

purchasing fuel and other related expenses [10]. The capital cost of the fuel is only a 

portion of the total expenses involved. Much of this cost is incurred by transportation and 

storage.

Indicative of the cost of any type of energy, location and time of year are the 

determining factors for the price of diesel fuel in rural Alaska. Lime Village must procure 

its fuel through air transport and has a short runway that further complicates the fuel 

delivery situation. Consequently, after transportation cost are factored into the equation, 

in 2001 Lime Village paid upwards of $4.80/gallon for its diesel fuel in the winter 

months and $2.80/gallon in the summer [8]. This cost likely significantly increased in 

2004 due to the rise in fuel prices. Unfortunately, detailed information is not easily 

available that gives the cost of diesel fuel (transportation included) on a village by village 

basis. Corresponding to the increase in the energy consumption of rural Alaska, the 

amount of diesel fuel consumed has also increased. In 1990 24.8 million gallons of fuel 

were consumed, by 2000 this figure had risen to 27.7 million gallons, an 11% increase 

[6].
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1.2.3 Diesel Fuel Storage Methods

As was stated in section 1.2.2, a significant number of rural Alaskan communities 

must have an abundance of diesel fuel transported to the community on barges in the 

summer. The fuel is then stored in large tank farms for consumption during the long 

winter.

Even communities with small populations require sizeable tank farms to store an 

adequate amount of fuel for a year. McGrath, an interior Alaskan city of 429 residents 

(2000 census) has a tank farm consisting of 39 tanks with the capacity to store 411, 900 

gallons of diesel fuel. Atmautluak, another interior Alaskan village of 296 residents, 

utilizes an 18 tank facility to store 159,200 gallons of diesel fuel [4],

According to AEA studies, there are approximately 1,020 different tank farms 

within small Alaskan communities with a storage capacity of 51 million gallons. Many of 

these tank farms are 30-40 years old and, according to the report, approximately 98% 

need maintenance to varying degrees [4].

1.2.4 Environmental Issues and Concerns with Diesel Generators

In many instances, the diesel generator facilities are located directly within in the 

community. There are concerns that continuous breathing of the diesel exhaust fumes can 

be damaging to the health of the village residents, primarily those that occupy housing 

near the generation facility. Scientific studies outside of Alaska have found that 

continuously breathing diesel fumes can have serious health impacts. However, as of 

2004, there has been little research in Alaska regarding the health impacts of long-term 

exposure to diesel exhaust. The Alaska Department of Environmental Conservation is 

proposing research into this issue [11].

1.2.5 The Cost of Electricity in Rural Alaska

In a 2002 ranking of the electricity costs in all 50 states, Alaska placed seventh 

with an average retail price of $0,105 for each kWh [18]. This high electricity cost 

especially applies to rural Alaska due to the challenges of remote generation.
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The average cost of electricity in rural Alaska averages $0.40/kWh with some of 

the smaller, extremely isolated communities occurring costs of over $ 1.00/kWh [2]. 

Fortunately for the residents of these rural Alaskan communities, the state government 

subsidizes much of the electric power through the Power Cost Equalization (PCE) 

program. The residents of the 185 communities participating in the PCE program pay a 

fixed rate of $0.12/kWh (as of 2002), comparable to the residents of Fairbanks or 

Anchorage. The Alaska State government supplies the additional funding that the rural 

power utilities need to finance their extremely high cost of operation [13].

1.2.6 Operation and Maintenance Considerations in Rural Alaska

The supply of trained operation and maintenance personnel is extremely limited 

in many sparsely populated areas of rural Alaska. In 2002, the AEA stated that the supply 

of trained personnel remains depleted as many individuals tend to migrate to larger 

population centers with enhanced job opportunities once they have gained technical skills 

[10]. Consequently, many small communities in rural Alaska have semiskilled operators 

available for their power generation facilities and distribution system. These personnel 

perform simple maintenance tasks such as adding fuel and changing oil. They may also 

perform rudimentary monitoring duties such as periodically recording values from an 

analog display panel. When a potentially serious hazard emerges such as a warning light 

illuminating or the diesel engine making peculiar noises, the operator will simply call a 

more experienced technician or engineer to travel to the village and examine the problem. 

The traveling barrier is an obvious inconvenience for logistical purposes, but it also 

makes preventative maintenance difficult as a small mechanical malfunction could turn 

into a serious matter if it is not noticed and corrected in a timely fashion. Quickly 

transporting technical personnel to a community in an emergency situation represents 

another problem as a complete system blackout during the coldest time of winter can be 

very serious [14].
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1.3 Efficiency Considerations of Rural Alaskan Diesel Power Generation Systems

The amount of electrical energy produced compared to the number of gallons of 

fuel consumed depends on several parameters involved with the generation system. How 

well the diesel engine is sized to the generator, how well the motor-generator system is 

sized to the electrical load, and operational techniques are each important factors in 

maintaining an acceptable kWh to fuel consumption ratio.

1.3.1 Typical Fuel Efficiencies of Rural Alaskan Power Utilities

A 2002 report by the AEA divides the rural Alaskan power generation systems 

into three size categories: small, medium, and large. The power generators in the large 

community category (> 10,000,000 kWh/year sold) generally had the highest fuel 

efficiency, averaging 13.3 kWh/gallon between 1996 and 2002. The Nome Joint Utilities 

System achieved the highest fuel efficiency during this time frame, recording an 

extremely impressive 14.5 kWh/gallon. The typical utility in this size category achieved 

efficiencies between 12.7 kWh/gallon and 13.7 kWh/gallon [10]. The medium sized 

communities (electrical sales less than 10,000,000 kWhs and greater than 1,000,000 

kWh/year) averaged 11.8 kWh/gallon between 1996 and 2002. Small communities 

(electrical sales less than 1,000,000 kWh/year) averaged only 10.2 kWh/gallon [10].

The fuel efficiency values are plotted as a function of the amount of energy 

produced by the utility are shown in Figure 1.3.1. The data were taken in 1998 from 24 

different communities operated by the Alaska Village Electric Cooperative (AVEC) that 

span each size category.
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Fuel Efficiency for AVEC Communities

Figure 1.3.1: Fuel efficiency as a function of generator size [4]

As can be seen in Figure 1.3.1, the majority of the generation systems produce on 

the order of 12 to 13 kWh of electricity for every gallon of fuel they consume.

1.3.2 Measures Taken to Improve Fuel Efficiency

1.3.2.1 Proper Generator and Load Sizing

The fuel efficiency of a generator will decrease if it is required to supply too large 

an electrical load or too small an electrical load. In small rural Alaskan utilities, over 

sizing a generation system in respect to its kW load constitutes a serious problem in 

regards to the fuel efficiency. Examination of Figure 1.3.1 shown in the preceding section 

reveals a general trend (with a few exceptions) of villages with small electrical loads 

having relatively low fuel efficiencies. It is not a coincidence that the village with the 

highest load has the best fuel efficiency.

The over sizing problems faced by small utilities primarily comes from the 

generator systems being designed to accommodate peak demands of the system [7]. For
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larger utilities that are operating a number of generators in parallel, it is a simple task to 

shut small peak shaving generation units down or start them up during appropriate times 

of the day; when a local school is coming on line, for example. However, for small 

utilities such as Lime Village that operate only two generators (one for primary operation, 

the other for backup purposes), the same generation unit must continuously operate 

regardless of the power being consumed by the system. At off-peak times of the day, this 

is equivalent in theory to a semi truck engine being used to drive a small automobile. It 

gets the job done, but not in an efficient manner.

Though this is not related to the fuel efficiency, a phenomenon known as “wet 

stacking” is a common mechanical problem inherent with over sized generators. If there 

is not adequate load on the generator, there will be an excessive amount of exhaust 

residue accumulation. There are also numerous other mechanical problems in addition to 

wet stacking that, if left unchecked over time, can drastically reduce the operating life of 

a diesel engine [7].

1.3.2.2 Diesel Engine Upgrades

The advent of electronic or even microprocessor controlled components of diesel 

engines in the recent years has dramatically increased their work output to fuel 

consumption ratio. It is instrumental for generation systems to be equipped with these 

high efficiency engines to achieve acceptable fuel efficiency. These electronically 

controlled components include, but are not limited to, governors and fuel injectors. 

Aftercoolers and turbochargers are additional components that have fairly recently 

become common. Since the invention of the diesel generator in the 1920’s its maximum 

attainable fuel efficiency has increased by 30% The efficient diesel generator at this 

present time can achieve a fuel efficiency o f 15.8 kWh /  gallon [10]. Consequently, power 

utilities that are willing to sustain high capital costs to invest in new, high-efficiency 

generators are rewarded with high fuel efficiencies and corresponding fuel savings.
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1.3.2.3 Proper Operation and Maintenance

The primary operational and maintenance related technique that can be taken to 

improve fuel efficiency involves operating the generator under its ideal loading 

conditions. As was discussed earlier, small utilities that operate only one or two 

generators may not have much of a choice in the matter. However, larger utilities that are 

operating several generators in parallel can utilize real-time economic dispatch (RTED) 

techniques to ensure that each generator is operating under its ideal loading conditions. 

For example, if a generator is operating at only 40% of its rated load it may be shut down 

and its load transferred to another generator. If some of the generators in the system are 

becoming overloaded, a small “peak-shaving” unit may be activated.

To develop a control scheme as was just described, a great deal of knowledge 

must be gained about the system load swings including when primary consumers of 

electricity come on and go offline. When to activate, adjust the power level, and 

deactivate a generation unity can then be programmed into a control system. As with the 

engine in a diesel automobile, the amount of regular maintenance a diesel generator 

receives also affects the fuel efficiency. Systems with operators that stay on top of the 

routine maintenance duties such as changing filters, regularly lubing components etc. will 

achieve better fuel efficiency.

1.3.3 Measures to Improve Overall Efficiency of Diesel Generators

The fuel input energy (in BTU’s) is obtained by multiplying the fuel volumetric 

flow rate by the fuel heating value. Typically, only about 30 - 40% of the fuel input 

energy to a diesel engine is output in the form of useful electric power. The remainder of 

the energy leaving the system is distributed between the heated coolant, exhaust gas, and 

radiant heat [7], If a portion of the rejected heat being lost in the coolant or exhaust could 

be harnessed and used to perform a meaningful function, the overall efficiency (i.e. the 

amount of useful output energy compared to the input fuel energy) of the system could be 

improved.
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1.3.3.1 Utilization of Rejected Heat from Output Coolant

According to the AEA in 2002, 27% of diesel generation systems operated by 

rural Alaskan utilities had functioning systems to utilize rejected heat [4]. Some of these 

generation systems use the rejected heat for district heating systems to heat community 

buildings. Others systems use the rejected heat to heat water that is used by facilities such 

as the community washeteria. Other creative uses can also be found for the rejected heat. 

For example, Kotzebue uses the rejected heat from its power generation facility to 

operate a facility that makes ice to be used for its fish processing facilities in the summer 

[10]. The AEA is advocating research to determine if enough rejected energy is available 

in the coolant to heat the fuel being stored through the winter. Utilization of this heat 

would enable communities to use No. 2 diesel fuel year around. Typically, most 

communities resort to No. 1 diesel in the winter as its gel point is lower. No. 1 diesel is 

more expensive than No. 2 diesel, however [4].

Generation systems that do not have a heat recovery system installed to take 

advantage of the coolant output energy are often examples of poor operation. Not only 

are these systems losing a large amount of energy by not harnessing the excess heat, but 

they are actually using energy to dissipate it. The radiators and fans required to cool the 

heated coolant actually require several kW of electricity to operate.

Typical heat recovery systems utilize the rejected energy exiting the diesel 

generator through the cooling system to heat water that is then channeled to the end use 

facility through pipes. There is understandably an energy loss in the transportation of the 

heated water between the generator and end use facility. Consequently, it is desirable to 

have the length of the heat transfer pipe be as short as possible. If this transportation 

distance is too large then the usefulness of the heat recovery system is negated and may 

not justify the capital cost of installing and maintaining the system [4].

AEA research estimates that the coolant output of a 140 kW diesel generator will 

contain 464,800 BTU/hour of rejected heat that could be used for other purposes. 

Assuming a 15% loss in the energy while it is being transported to the consuming facility,

395,000 BTU/hour of energy are available for use. Assuming 142,800 BTU/gallon
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heating value for diesel fuel, the rejected heat is equivalent in energy content to over 3 

gallons/hour of diesel fuel [4]. In smaller communities that pay $3.00/gallon for diesel 

(after transportation), this would equal $78,000 dollars per year.

1.3.3.2 Utilization of Heat from Generator Exhaust Gas

Harnessing the exhaust heat for useful purposes is not a common practice due to 

the chemical composition of the exhaust. The amount of sulfur in the diesel exhaust 

causes corrosion that could damage components of the heat recovery system. Except for 

rare instances, the only useful application of the energy in the exhaust gas is to power the 

turbocharger. The situation may change, however, with the advent of diesel fuels with 

low sulfur content.

1.4 Advantages of Enhanced Generation System Monitoring

As has been repeatedly mentioned in the preceding sections, there is a great deal 

of manpower and money necessary to keep a power generation facility operational in 

rural Alaska. The diesel fuel must be transported over a great distance and stored for 

many months before consumption. Every gallon of fuel must be utilized to its full 

potential. Trained technicians must spend a huge amount of time and effort just to travel 

to the locations to perform emergency or routine maintenance. Problems that would be 

considered small anywhere else can become major problems in remote areas.

These difficulties can at least be partially overcome through the installation of a 

sophisticated monitoring system. This is especially true in small, remote communities 

that face challenges with fuel transportation and a lack of trained maintenance personnel. 

Due to the monitoring system, technicians may be able to diagnose maintenance issues 

without having to actually travel to the village and may also be able to instruct local 

operators on proper procedures to follow in an emergency situation. Most importantly (at 

least from the perspective of this research project) an enhanced monitoring system can be 

used to examine the energy output to ensure that every possible BTU of energy from the 

input fuel is being utilized to its full potential.
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Reports by the AEA state that it is important to install a monitoring system to 

“understand the efficiency of the current system and then identify what measures are 

likely to improve efficiency [10].” The report goes on to state that, “this (sophisticated 

monitoring) will enable managers to quantitatively assess whether the next increment of 

efficiency is cost-effectively obtained through a change in operations, maintenance, 

management, new controls, or new diesel generators or some combination [10].”

1.4.1 Benefits of Enhanced Monitoring to Utility System Operators

The power generation facilities in most rural Alaskan communities already have 

some sort of a rudimentary monitoring system in place. These monitoring systems are 

typically 70’s vintage data recorders that simply record when simple on\off alarm signals 

are activated. They do not monitor parameters on a continuous basis, but simply record 

when they pass a given set point and illuminate a warning light. For example, a warning 

light may be illuminated and a record documented when the coolant temperature becomes 

too high or when the fuel level becomes too low. Monitoring systems such as these may 

function to prevent serious problems, but their contribution to gaining knowledge that can 

improve system efficiency and facilitate preventative maintenance is minimal. For 

example, it would be far more useful to have a continuous readout of coolant temperature 

so that recurring abnormal trends indicating a problem can be seen.

It is also quite rare for a vintage monitoring system to have capabilities for 

individuals to view data unless they are physically at the facility. Having the capability to 

remotely communicate with the monitoring system through a LAN or modem is a 

definite advantage as trained personnel can perform routine maintenance checks from 

their office. Other interested individuals can also conveniently view the data.

Another advantage of a continuous monitoring system is that it allows the 

operator to get better acquainted with the load swings of the distribution system. For 

example, the operator can view load profiles over several days and ascertain the time of 

day when large changes in load will occur. This is useful knowledge for generator control
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purposes, especially for systems where there are several generators operating in parallel 

[15].

1.4.2 Research and Development Benefits of Enhanced Monitoring

One of the primary efficiency improvements that can be brought about through 

enhanced monitoring is to ensure that a generator is operating under its optimal loading 

conditions. Consistent monitoring allows an accurate efficiency curve to be derived and 

subsequently provides the operator with the necessary data to ensure that the unit is 

operating in the optimal section of the curve.

An energy balance is a comparison of the input energy of a system with the output 

energy of a system. In this project an energy balance is derived for a diesel generator 

using data from the monitoring system. Viewing an energy balance allows the amount of 

energy in the various output entities (primarily exhaust gas, heated coolant, and electric 

power) to be gauged as a percentage of the input fuel energy. One quick glance at an 

energy balance allows a wealth of information about the operation of the diesel engine to 

be ascertained. The percentage of output energy that is in (or can be made into) usable 

form is of primary interest from a research perspective. To obtain a legitimate energy 

balance the energy entering and leaving the generator must be monitored. To accomplish 

this task, the appropriate sensors must be placed on the fuel and air intake systems, along 

with the coolant, exhaust, and electrical output systems.
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CHAPTER 2

Preliminary Plans for Installation of Monitoring System 

2.1 Important Mechanical Systems of a Diesel Generator

The principle of operation of a diesel generator system is quite simple. An 

internal combustion diesel engine rotates the shaft of an electric generator at a 

constant speed to produce AC electricity at a fixed frequency.

The following section briefly summarizes the operation of four different 

subsystems that contain nearly all of the energy entering and leaving a diesel engine. 

The important systems being summarized are the air intake, fuel intake, cooling, and 

exhaust systems.

2.1.1 Air Intake System

The air intake system on a diesel generator first draws air through a filter and 

into the engine. The air is then compressed by a turbocharger before being injected 

into the cylinder where it is mixed with the fuel. It is becoming common for diesel 

engines to have an aftercooler downstream of the turbocharger to reduce the 

temperature and increase the density of the air being sent to the cylinder.

2.1.2 Fuel System

Before being drawn into the engine, diesel fuel is passed through external 

filters to remove impurities. The fuel is then drawn through the fuel line by the fuel 

pump in the engine. After subsequent filtering processes internal to the engine, the 

fuel is sprayed into the cylinder by an injector. The fuel that is not injected into the 

cylinder is returned to the fuel tank through a return fuel line.

After the combustion process is completed, most of the excess heat is vented 

to the outside air in the form of high temperature exhaust gas. The heat that is not 

vented to the outside air is transferred into the cylinder walls.
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2.1.3 Cooling System

To avoid damage to the diesel engine, the trapped heat from the combustion 

process must be removed from the engine as quickly as possible. This is 

accomplished by passing coolant through the engine. The coolant, typically water 

with appropriate mixtures of propylene or ethylene glycol, transports the heat away 

from the engine. The heat is then either dissipated by a cooling fan or passed to a heat 

exchanger to be harnessed for useful purposes.

Cooling systems are typically custom designed according to the size of the 

engine and application for which it is being used. The loading, duty cycle, ambient air 

temperature extremes, altitude, and availability of maintenance are factors that will all 

contribute to the cooling system design [16].

An important part of the cooling system is the thermostat that regulates the 

coolant flow. When the engine is operating at a high load and a great deal of heat is 

generated in the combustion process, a large amount of heat will need to be rejected 

to the ambient air in the cooling system. At this point the thermostat will open to 

increase the flow velocity of coolant through the engine. As the flow rate of coolant 

passing the radiator increases, a greater amount of heat will be transported from the 

engine and dissipated to the outside air.

The operation of the cooling system is affected by the temperature of the 

ambient air to the radiator. The lower this temperature, the more effective the radiator 

will be at reducing the temperature of the coolant and a larger temperature drop 

across the radiator will occur. Therefore, the flow of coolant needed to dissipate the 

engine heat will not need to be as high.

2.1.4 Exhaust System

The exhaust gas consists of high temperature gas by products as well as 

unburned fuel from the combustion process. The exhaust gas is typically vented to the 

atmosphere at temperatures ranging from 650 °F to 1000 °F [17].
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Typically, the only useful purpose of the exhaust gas is to provide power to 

the turbocharger that compresses the intake air flowing into the cylinder [16]. After 

passing through the turbocharger, the exhaust gases are vented to the outside air.

2.2 Energy Distribution in a Diesel Generator System

As is stated by the first law of thermodynamics, the energy supplied to a 

system must also leave the system, usually in a different form. In the case of a diesel 

generator, the energy is supplied to a generation system in the form of fuel and leaves 

the system primarily in the form of exhaust gas, heated coolant, warm air, and, most 

importantly, electrical energy. The energy distribution is diagramed in Figure 2.1.1:
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Figure 2.1.1: Power distribution within a diesel generator

To compare all of the various power values involved in the above system, it is 

convenient to convert each of them to their respective power values in kW. The 

power (kW) supplied to the engine through the fuel, Pft,ei, can be found by multiplying 

the mass flow rate of the fuel by its heating value. The heating value of diesel fuel is 

normally between 125,000 and 140,000 BTU/gallon, depending on the chemical 

composition. See Appendix D for more information about diesel fuel heating values.
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Using the standard conversion, 1 kWh equals 3412 BTU, this energy content equates 

to approximately 36.5 to 41 kWh. Of this fuel input energy, the majority of it is lost in 

the combustion process and leaves the engine in the form of heat. These entities are 

represented in Figure 2.1.1 by P e x h , the exhaust gas energy, P cint the energy in the 

heated coolant, and P en g ,m isc  primarily the heat radiated from the engine block.. The 

remaining energy is converted to mechanical form to turn the shaft connecting the 

diesel engine to the generator. The electrical efficiencies of most modem generation 

units exceed 90% with some up to 98% [17]. The efficiency generally increases 

proportionally with the size of the generator. The losses in the generator, P g en ,m isc , can 

be attributed to friction in the rotating parts, the power needed to supply the excitation
'y

field within the generator, and I R losses.

The larger the usable energy output of a generator is as a percentage of the 

fuel input energy, the greater the efficiency of the device with the electrical output 

being the largest form of usable energy. It has always been a basic generalization that 

the energy outputs of the coolant, electric generator, and exhaust each comprise about 

30% of the fuel input energy with the radiant heat from the engine block accounting 

for the remaining 10% [17]. However, with the advent of aftercoolers and 

turbochargers on most new diesel engines, the amount of energy leaving the system 

as electric power has increased at the expense of the coolant and exhaust energy [18].

2.3 Monitoring the Energy Inputs and Outputs of an Operational Diesel 

Generator

As was explained in Section 1.4, continuous monitoring of the input and 

output energy of a diesel generator is important, both for operation and maintenance 

as well as research purposes. As essentially all of the energy entering or leaving the 

generation system is involved with the five different subsystems described in Section 

2.1, each of these systems should be closely monitored.
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2.3.1 Monitoring the Energy Output of the Cooling System

The amount of energy being transported from the engine in the form of heated 

coolant, Q, can be found by the equation:

Q = m* Cp * AT(Eq. 2.1)

*
The entities that need to be monitored to utilize this equation are m , the flow 

rate of the coolant through the system, and AT, the temperature difference between 

the coolant before and after it has passed through a radiator or heat exchanger. Cp, the 

specific heat of the coolant, can be obtained through lookup tables.

A flow meter and two temperature sensors comprise the equipment needed to 

obtain values for the flow rate and temperature differential of the coolant. 

Thermocouples are the most convenient temperature sensor to use in this situation 

and one should be placed on the supply coolant line and the other on the return 

coolant line. As the flow of coolant is identical throughout the system, it does not 

matter whether the coolant flow meter is placed on the supply or return coolant line. 

The exact location of the flow meter and temperature sensors as well as the specific 

models of equipment that are used will depend on several specific parameters of the 

system being monitored.

By monitoring the coolant flow and temperature, the operator is able to detect 

when unexpected changes in the cooling system operation occur. The operator can 

use this information to determine when components of the coolant system such as a 

thermostat, coolant pump, or the radiator are malfunctioning and need maintenance. 

Any needed adjustments to the thermostat can also be seen. This is an obvious 

improvement over a commonly used alarm and visual display monitoring system. 

With this type of system a problem may not be identified until a component fails.

Knowing the coolant temperature and flow is useful from a research point of 

view as it enables the amount of waste heat leaving the generator to be calculated. 

Performing calculations with these data enables interested parties to gauge whether it 

would be economically feasible to install a recovery system to use the waste heat
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output for useful purposes. Having this data available over a continuous time frame 

would also allow researchers and designers to view the times that the largest amount 

of waste heat was being generated and design the heat recovery system accordingly.

2.3.2 Monitoring the Energy Output of the Exhaust System

As with the energy in the coolant flow, Eq. 2.1 is also used to find the output 

energy of the exhaust. To find the flow rate, a flow meter should be situated 

somewhere on the exhaust output stack. The type of flow meter (insertion or in-line) 

and exact mounting location will both depend upon the application. The temperature 

differential, AT, is found by recording the temperatures of the exhaust gas as well as 

the air intake temperature.

Recording the exhaust flow over a long period of time is useful from a 

maintenance perspective as sudden or gradual changes in the exhaust flow could be 

an indication of obstruction or residue buildup somewhere in the air intake or exhaust 

output systems. An unexpected change in the temperature of the exhaust could be an 

indication that there is a problem with the combustion process.

The exhaust output information is not quite as useful from an efficiency 

improvement perspective since it is uncommon to recover and utilize exhaust heat. 

However, the information is useful in examining exhaust gas properties. First, it is 

quite common for diesel operators to use different additives in the fuel depending on 

the time of year. The exhaust temperature characteristics will differ with the addition 

of certain additives and monitoring the exhaust flow will enable the extent of the 

change to be seen. Second, if the chemical composition of the exhaust gas is known, 

monitoring the flow rate will allow researchers to calculate the quantity of the 

unwanted by-products being emitted.

2.3.3 Monitoring the Air Intake System

Since the air intake and exhaust system are an input-output pair, the flow rate 

of the intake air will be nearly identical to the flow rate of the exhaust gas (it will
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actually be a small amount less due to the input fuel being added to the exhaust gas). 

Consequently, if the flow rate of exhaust gas is being monitored it is not absolutely 

necessary to measure the air intake flow rate (except as a possible means of verifying 

the accuracy of the flow meters). If only one of these flow parameters is measured, 

the deciding factor to determine which should depend on the ease of installation 

relative to the location.

The temperature at several places in the air intake system prior to the 

combustion process is useful information. For this project, the air intake temperature 

and intake manifold outlet temperature are used to find the amount of energy used by 

the aftercooler to include in the energy balance. This temperature information can 

also be used to ensure that components of the air intake system such as the aftercooler 

and blower are functioning reliably.

2.3.4 Monitoring the Fuel Flow into the System

The fuel flow into the engine can be monitored using two different techniques. 

First, the amount of fuel in the storage tank connected to the fuel line can be 

monitored through the use of a load cell, rangefinder, or pressure transducer. Second, 

flow meters can be placed on the supply and return fuel lines with the net flow 

indicating the total fuel consumption of the generator.

From an operator’s perspective, the total flow (i.e. volume displacement of the 

fuel tank) can also be useful for identifying the fuel efficiency. However, viewing the 

instantaneous fuel flow is likely more useful than the total flow as this “real-time” 

information could be used to identify problems internal to the engine as well as the 

total flow.

Knowing the energy input to the generator in the form of fuel is useful for 

research and development purposes as it allows the operating efficiency (electrical 

output energy compared to fuel input energy) to be compared. The effect of any 

alteration in the system design or operational techniques on this efficiency can then 

be monitored.
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2.3.5 Monitoring the Electrical Output of the Generator

The electrical energy output of the generator is monitored by using current 

and potential transformers to transmit the current and voltage at the generator output 

to a data recorder. This procedure enables the current and voltage to be identified. 

Further, assuming the sampling rate of the data recorder is sufficiently high, the 

subsequent power parameters can be calculated using the current and voltage data. 

Depending upon the complexity of the data recorder, the calculations may be able to 

be performed directly onboard. The power parameters include (among other things) 

the real and reactive power, power factor, and frequency.

From an operator’s perspective monitoring (at a minimum) the current and 

voltage output of an electric generator is not an option, but a necessity to ensure that 

the system is operational. These parameters are not always recorded at a high enough 

sampling rates, however, to monitor the electric power parameters. Knowing these 

parameters is advisable so that information such as the system load profiles can be 

seen. The power output can also be used to ensure the generator is properly sized with 

respect to its load. The electric power information can also be combined with the fuel 

consumption data to gauge the fuel efficiency.

2.4 Finding an Applicable Location for Installation of the Monitoring System

The original intention of this project was to install an operational monitoring 

system in a small, rural Alaskan community that utilizes diesel generators for its 

electricity needs. The project considered two different villages to use as test subjects. 

However, the needed groundwork did not materialize for different reasons, the first 

being that several trips would likely be required to the remote location to install and 

debug the monitoring system. The prospect of several of these trips was beyond the 

funding for this project. In addition, the installation of two or three of the sensors 

would require that certain components of the generation system be substantially 

retrofitted, possibly even requiring that the generator be shut down for an
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undetermined period of time. Finding a city operator willing to go to this much 

trouble to help out the cause of research is difficult.

It was decided that installing the monitoring system on a generator located at 

the UAF campus was a far more attractive option. Conveniently for this project, the 

Department of Energy (DOE) Arctic Energy Technology Development Lab (AETDL) 

acquired a 125 kW diesel generator in early summer 2004 for a project at the UAF 

Energy Center (UAFEC). As this project was already working closely with the 

Energy Center, this generator was an ideal platform for a prototype system. 

Furthermore, the diesel generator is very similar to many systems currently in use in 

rural Alaska.

As the generator was already located on campus, no traveling costs were 

incurred while installing the monitoring system. In addition, improvements and 

troubleshooting could be carried out on a consistent basis. The installation of the 

sensors on this generator was an excellent prototype for the installation of the 

monitoring system in an actual rural Alaskan community. It also serves as an example 

to interested parties that the monitoring system would operate efficiently when 

installed. Further, installation of the prototype monitoring system also provides 

examples of the types of data that could be collected that are useful as research and 

development tools to improve the efficiency of the entire generation system.

2.5 Overview of Energy Center Diesel Generator

2.5.1 Background of the Energy Center Diesel Project

Though it could be used for a wide variety of projects in the future, as of the 

Fall 2004 semester the primary purpose of the 125 kW diesel generator located at the 

UAF Energy Center was to provide a test platform for newly developed diesel fuel. 

Syntroleum Corporation in Tulsa, Oklahoma has constructed a refining facility to 

synthesize diesel fuel from natural gas. The fuel is named Syntroleum and the effects 

that it has on an engine operating over a long time period has yet to be examined. The 

purpose of the Energy Center diesel project is to operate the engine for 2000 hours to
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meet the requirements of Syntroleum Corp. After this operating time has been 

accumulated, several components of the engine will be examined to determine the 

negative effects, if any, that operating on the Syntroleum fuel for a long time period 

had on the diesel engine.

An advantage of Syntroleum over conventional diesel fuel is that there are 

reputed to be fewer environmentally harmful by-products from the combustion 

process [19]. Another goal of the Energy Center research is to document the 

emissions from the generator while burning Syntroleum and compare them with the 

emissions from the generator while it is burning conventional diesel fuel. A 

disadvantage of Syntroleum compared to conventional diesel is that its heating value 

is approximately 5% less, rated at 121,500 BTU/gallon [19]. This lower heating value 

will result in a decrease in the kWh/gallon ratio than if conventional fuel were used.

2.5.2 Physical Setup of Energy Center Diesel Generator

The generator system consists of a Detroit Diesel Series 50 diesel engine 

coupled to an electric generator manufactured by Baylor Generator Group. The 

Detroit Diesel Series 50 (along with it 6-cylinder counterpart, the Series 60) is a very 

popular model for recently installed generators in rural Alaskan villages. A 

specification sheet for the generator is attached in Appendix E.

The electrical output of the EC diesel generator is 3-phase, 208 V L-N, 60 Hz 

with a full load rating of 125 kW. The diesel engine has a speed rating of 1800 RPM, 

but is only operated at 1200 RPM as this is the rated speed of the electric generator. 

The fuel consumption of the engine is specified to be 14.7 gal/hr when fully loaded 

and operating at 1800 RPM. When the engine is operating at 1200 RPM, however, 

the fuel consumption rate of the engine will decrease.

The power produced by the generator is dissipated in a 3-phase load bank 

located next to the generator enclosure. The load bank is primarily resistive with an 

inductive component and is cooled by two large built-in fans. Precautions have been
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taken to ensure that the electricity output from the generator is sent entirely to the 

load bank and is prevented from entering the UAF grid.

The Syntroleum fuel used by the generator is stored in a 4000 gallon fuel tank 

located next to the generator enclosure and a 300 gallon day tank located inside the 

generator enclosure. Fuel is transported between the day tank and the generator 

through iron pipes with an inner diameter of half an inch. Syntroleum fuel is pumped 

from the 4000 gallon tank to the day tank whenever it is needed, usually on a daily 

basis.

The process of placing a load on the generator is automated and controlled by 

a National Instruments (NI) control system with a LabVIEW software interface. This 

hardware and software was configured by Tom Johnson of the Energy Center. While 

being controlled by the LabVIEW software, the load can be configured to step up or 

down in 5 kW increments at a user specified interval. The load is commonly 

scheduled to cycle between 50 kW and 100 kW in a sinusoidal fashion, peaking 

approximately every half an hour. However, a number of different load profiles were 

used throughout the course of the project. The generator control system has the ability 

to shut the motor down whenever the engine heat becomes excessive which 

frequently happens when subjected to a large load for an extended period of time.

The generator enclosure is supplied with 3-phase electric power from the UAF 

power grid. The only components that are supplied with power from the generator 

include a portion of the load bank controls, and the cooling fans on the radiator. This 

parasitic load typically adds 5 - 7  kW to the electrical load on the generator. An 

underground Cat 5e cable connects the generator enclosure to the UAF network.

The cooling system of the generator consists of a mixture of 60 percent 

ethylene glycol and 40 percent water flowing through 2-inch inner diameter iron 

pipes in a closed loop system. The heat contained in the cooling system is dissipated 

to the outside air by a liquid to air heat exchanger and cooling fan located at the front 

of the generator enclosure. No heat recovery system of any type is utilized. The 

default settings of the thermostat controlling coolant flow require it to begin to open
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when the temperature of the coolant exceeds 186 °F. The thermostat is fully open 

when the temperature of the coolant exceeds 207 °F.

2.5.3 Existing Instrumentation on the Energy Center Diesel Generator

Prior to the advent of the project described in this paper, the employees of the 

Energy Center had already begun to instrument the diesel generator. Sensors were 

installed to monitor several operating parameters of the generator including fuel 

consumption, air intake flow rate, composition of the exhaust gas, and temperature of 

several components of the diesel engine. The Energy Center sensors measure many of 

the same parameters as do the sensors described in this paper, namely the fuel 

consumption coolant temperature, and exhaust temperature. Comparing the data sets 

from the redundant sensors of the two projects provides a very convenient means of 

verifying accuracy. The measurement of instantaneous fuel flow is the primary 

contribution of the Energy Center instrumentation to this project.

2.6 Preliminary Plan for Installation of Instrumentation

The purpose of the instrumentation involved with this project is to monitor the 

operation of the cooling and exhaust systems, along with the electrical output and fuel 

consumption of the generator. The air intake system of the generator is not monitored, 

although this information would be useful. The specific operation of the sensors is 

covered in more detail in subsequent chapters.

The fuel consumption of the generator will be primarily measured with a 

pressure transducer located in the fuel storage tank. The volume is measured in this 

fashion and the rate that the volume drops is indicative of the flow rate of fuel into the 

generator.

To monitor the coolant system, flow meters are placed on the supply and 

return coolant line. As this is a closed loop system, the flow through the lines will be 

identical. The purpose of placing the meters on the opposite lines is to simply monitor 

the accuracy of each of the flow meters which have a much different principle of
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operation. Temperature sensors are also installed on the supply and return coolant 

lines to gauge the amount of heat vented to the outside air by the radiator. Together 

with the coolant flow rate, this information will allow the heat output of the generator 

to be calculated.

The performance of the exhaust system will be monitored by one single meter, 

a thermal anemometer that measures the exhaust flow. The meter consists of a probe 

inserted into the generator exhaust stack. The thermal anemometer also measures and 

outputs the temperature of the exhaust.

The electricity transferred from the generator to the load bank is measured by 

installing current transformers and voltage probes on each phase of the transmission 

cable between the two devices. This current and voltage data is manipulated to 

produce power values within the remote terminal unit (RTU).
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CHAPTER 3 

Monitoring System Overview

3.1 Selection of Remote Terminal Unit

Four different Remote Terminal Units (RTUs) were examined in the initial stages 

of this project. The usefulness of each RTU for the project was evaluated based on 

several criteria. First, the RTU must have capabilities to receive and store analog and 

digital signals from instrumentation sensors such as flow meters, current transformers, 

thermocouples etc. The unit must also be equipped to evaluate electrical power system 

data and analyze power quality. Among these requirements are voltage disturbance 

recordings and harmonics analysis. The RTU also needs to be web enabled, meaning that 

it should have the ability to place the data from the sensors and power quality analysis 

onto a web page and also have a way to connect to a LAN and export data to an external 

PC. To accommodate these features the RTU must be equipped with a built-in Ethernet 

card or modem.

The first RTU that was evaluated was a National Instruments Fieldpoint 2015. 

Andrew Pascale, a Mechanical Engineering graduate student who worked with this 

project initially, completed the majority of the experimentation work with this RTU. The 

second RTU was an ION 7350 manufactured by Power Measurement Inc. Much of the 

summer of 2003 was spent performing experiments with and programming settings into 

this RTU. PowerCorp, an Australian company attempting to expand into Alaska 

manufactured the third brand of RTU that was considered. The project did not have a 

chance to examine this device in as much detail as would have been sufficient to come to 

any conclusions about its usefulness to the project. A NEXUS 1250 series RTU 

manufactured by Electroindustries was the final device that was examined. 

Electroindustries was very helpful and even loaned the project an RTU on a trial basis.

The first section of this chapter evaluates the level to which each of these RTU’s 

meets the criteria outlined previously. Other advantages (or disadvantages) of each of 

these devices such as availability of support, need for additional equipment or software,
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and user friendliness of the software interface are also discussed. Specification sheets for 

all four of these RTUs are attached in Appendix E.

3.1.1 National Instruments Fieldpoint 2015

The Fieldpoint RTU features analog and digital input capabilities with a built-in 

Ethernet card enabling the data to be exported from the RTU through LAN connections. 

This unit is unique from other RTUs that were examined in that its software interface can 

be entirely custom designed. LabVIEW, a programming language developed by National 

Instruments for use with its hardware, is used to design the software.

The usefulness of the Fieldpoint RTU to the project is entirely dependent on the 

quality of the LabVIEW program that has been designed. This has the potential to be an 

advantage or a disadvantage. The RTU can meet or exceed all of the criteria specified in 

the introduction of this chapter. The unit has the processing power to collect analog data 

from several different sensors and perform the necessary filtering and averaging to 

prepare the data for storage. It could then temporarily store the data and FTP it to an 

external server. The data could even be directly placed in a database if the appropriate 

software was purchased. However, the scenario just described would require a fairly 

complex LabVIEW program be placed into the RTU that would be very time intensive to 

construct and susceptible to software glitches that could corrupt the data.

3.1.2 Power Measurements ION 7350 RTU

The particular “ION” RTU that was worked with in this project was one of the 

simpler devices marketed by Power Measurements and is not indicative of all of the 

RTU’s produced by this corporation.

After a considerable amount of time working with this RTU, it was determined 

that the meter itself meets the requirements of the project. However, the software 

interface was its main handicap. The ION RTU was much like the Fieldpoint RTU in that 

it was designed to be custom programmed “in the field.” However, the programming 

language was very hard to learn and unorganized making it difficult for the user to
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perform even simple tasks with the RTU. This is inconvenient as future workers on this 

project will be forced to spend a great deal of time learning the software. A very well 

equipped PC was also required to operate the software and store the data, thus 

compounding its inconvenience.

Another problem with the 7350 ION RTU being used by this project as well as 

other Power Measurements RTUs is the tedious process involved to install new hardware. 

For example, if more analog input modules are needed the unit must be sent to the 

company to have a module installed. The support and documentation provided by Power 

Measurements was limited.

3.1.3 PowerCorp RTU

During the summer of 2003 the project briefly examined the possibility of using a 

RTU made by an Australian corporation named PowerCorp. PowerCorp has been 

negotiating with state government agencies to install their control and data acquisition 

system in several rural communities. The PowerCorp RTU monitors all of the electrical 

parameters of the generation system and also accommodates analog inputs capable of 

being used with instrumentation sensors as those in this project. The project was hoping 

to work out a deal with PowerCorp to have access to the collected electrical data and then 

interface sensors to the analog inputs of the RTU. This would have been convenient for 

the project as it would have eliminated the need to purchase an RTU.

Unfortunately, this proposition never materialized primarily due to a lack of 

response from PowerCorp. The project was hoping to have access to a RTU for a short 

amount of time to test how well it would fulfill the requirements listed at the beginning of 

this section. However, this never turned into a reality and the project decided against 

working with PowerCorp for the time being. Not enough technical details were learned 

about the PowerCorp RTU to discuss the advantages and disadvantages of it in this paper.
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3.1.4 Electroindustries NEXUS 1250/1252 RTU

Electroindustries Inc. was very helpful and permitted the project to use a NEXUS 

1250 RTU on a temporary basis throughout the fall of 2003. During this time, the 

NEXUS 1250 was used to process data from a simple three-phase load bank in a UAE 

power systems lab as well as flow meters and temperature sensors that would be used by 

the project at a later time. The ability of the NEXUS RTU to process data pertaining to 

the electric power parameters along with instrumentation data from sensors makes this 

device a very attractive option for this project.

The NEXUS RTU is primarily designed to be used by power utilities to monitor 

electric power distribution systems. Using current and potential transformers, the RTU 

can easily be interfaced to a three-phase power system to monitor the current and 

voltages at the selected bus. The RTU is then equipped to perform extensive analysis of 

this data, calculating all of the parameters pertaining to power levels and energy 

consumption. The RTU also performs in-depth calculations that would be of use to power 

utilities such as billing information, predicted electrical load profiles, and power quality. 

The power quality function, specifically the harmonics analysis, is of particular interest to 

this project as it may be used in the future.

The instrumentation capabilities of the NEXUS RTU are primary reason it was 

used in this project. Through the purchase of optional external input modules the NEXUS 

RTU can be compatible with any sensor that emits a 0-10V or 4-20mA data signal.

The main advantage of the NEXUS RTU was found to be the ease of use of the 

software interface, specifically configuring settings. The software was set up in a 

Windows format and was proven to be relatively straightforward to use. An easy to learn 

software interface is a definite advantage as there may be several individuals working 

with this software over the life of this project and a great deal of time will not have to be 

spent learning the software.

The fact that the NEXUS RTU is primarily designed for use by power utilities is 

the primary disadvantage of this product for several reasons. First, the external analog 

input modules do not have as fine of a degree of accuracy as do data recorders that are
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designed to be used primarily for instrumentation purposes such as the FieldPoint RTU. 

Also, the NEXUS RTU is not equipped to process nonlinear analog signals that are 

associated with sensors such as thermocouples. It can only process scaled analog (4-20 

mA or 0-10V) input signals. Consequently, external equipment is needed to condition the 

data into a scaled, linear signal for it to be read by the NEXUS RTU. Several types of 

data recorders designed primarily for instrumentation purposes are preconfigured to 

perform signal conditioning and external signal conditioners do not need to be purchased, 

the Fieldpoint RTU being a good example of this.

During the time spent working with the NEXUS RTU on a trial basis, it was 

determined that the advantages of the device outweighed the disadvantages. Therefore, a 

NEXUS RTU was purchased to be used as the primary data recorder for this project. The 

unit that was ordered to be used for the project was a NEXUS 1252, essentially an 

upgraded version of a NEXUS 1250. The main advantage of the NEXUS 1252 over the 

NEXUS 1250 (in terms of the usefulness to this project) was improved power quality 

analysis capabilities (there is more information about this in Appendix E).

3.2 Communication with the NEXUS RTU

As the RTU itself does not have a user interface, the only way it can be 

configured and data viewed is through a software interface that was designed for it. 

Before this software can be used, a PC operating the software must be connected to the 

NEXUS RTU using four different methods. These four methods are 1) direct connection 

to a PC with RS-232 or RS-485 cables, 2) ethernet connections over a network, or 3) an 

optional built-in modem. The NEXUS RTU also accommodates a webpage that can be 

used for viewing data, but not for programming settings into or downloading data from 

the device. Option 2, the ethernet connections, is the most convenient and has been the 

primary communication option used in this project. It will also likely be the option of 

choice when the equipment is actually installed in a field application, but this may be 

subject to change depending on location and the facilities available.

The menu for connecting to the NEXUS using Ethernet is shown in Figure 3.2.1:



37

Figure 3.2.1: TCP connection to the NEXUS RTU [20]

The reading entry in the protocol box “Modbus TCP” is referring to the data 

transmission method between the RTU and the connecting computer. In this situation, the 

data is transported as Modbus packets within standard TCP/IP internet connections. The 

Modbus data packets are then decoded and displayed by the NEXUS software.

Regardless of what communication option is chosen on a permanent basis, the 

NEXUS RTU must be connected to a PC directly through the RS-232 or RS-485 serial 

ports for initial configuration procedures. Using the software interface designed for the 

RTU, the IP address and other required information needed to establish an ethernet or 

modem connection can then be programmed.

The NEXUS RTU is equipped with a 10/100BaseT ethernet option that allows it 

to be connected to a local area network. Once the network information (IP address, 

default gateway, and subnet mask) have been programmed into the NEXUS RTU, the 

data and settings can be accessed with a computer operating the Communicator software.

3.3 Overview of NEXUS Communicator 2.0

NEXUS Communicator 2.0 is a Microsoft Windows based software interface that 

allows settings to be sent to the NEXUS RTU as well as data collected from the sensors 

to be viewed and exported to a database. The Communicator software is also compatible
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with other RTUs and data recorders that are made by Electroindustries in addition to the 

NEXUS 1252. Screenshots from NEXUS Communicator can be seen in the following 

figures. Figure 3.3.1 is a table of all the data being polled that updates every 10 seconds. 

Figure 3.3.2 is a phasor diagram showing the voltages, currents, and power factor. Figure

3.3.3 is a screenshot of the RTU polling the analog input modules that receive all of the 

mA data from the instrumentation.

The primary function of the Communicator software is to program settings into 

the NEXUS RTU. The settings that are sent to the meter specify the data points that 

should be logged, electrical configuration (i.e. 3-phase Y, 3-phase delta, etc.) of the 

power system that is being monitored, and which of the memory partitions should be 

exported to an external PC.

Figure 3.3.1: NEXUS Communicator electrical data display [20]
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Figure 3.3.2: Screenshot of NEXUS Communicator displaying power data [20]

Figure 3.3.3: Screenshot of NEXUS Communicator polling AI modules [20]
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The ability to view data through the Communicator software is useful, but not 

essential as most of the data can also be viewed through the webpage capabilities or 

downloaded to a database for processing by external software. Once all of the needed 

settings have been programmed into the NEXUS RTU and it has been configured to 

automatically export data (discussed later in this chapter) the Communicator software is 

no longer needed to be used except when it is deemed necessary to change settings. It is 

mainly useful just as a quick means to ensure that all of the measurement equipment 

external to the NEXUS RTU is exporting data.

3.4 Input, Storage, and Retrieval of Data from the NEXUS RTU

The following section summarizes the process of how the monitoring system 

inputs data to the NEXUS RTU, the storage process within the NEXUS RTU, and the 

procedure taken to retrieve and manipulate the data.

Figure 3.4.1: Data transportation process of monitoring system

3.4.1 Data Input Options

The NEXUS RTU has default capabilities or optional attachments that can 

accommodate input data in six different forms. Upon purchase, the NEXUS 1252 is 

equipped to process serial protocol signals such as Distributed Network Protocol (DNP) 

and Modbus received in RS-232 and RS-485 ports. The RTU also contains counters that 

have the capability to monitor the frequency of a square wave input signal. With the 

addition of optional external input modules the NEXUS is able to accommodate digital 

alarm inputs (signals that are high or low for long periods of time), analog voltage inputs 

(0-10V), and current inputs (4-20mA). Although they are not being used for this project,
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analog and digital output modules can also be obtained that provide the NEXUS RTU 

with control capabilities.

This project primarily utilizes sensors that emit 4-20 mA output signals. Using 

mA data signals is advantageous over voltage data signals for two reasons. First, they are 

less susceptible than voltage signals to interference from outside sources such as 

magnetic fields. Second, there is negligible current drop due to the length of wire 

between the instrument and the data recorder.

The external analog input modules are basically converters that transform the 

analog mA signal into a Modbus protocol signal that can be read by one of four RS-485 

input channels contained on the NEXUS RTU. Data from several analog input modules 

can be processed by a single RS-485 channel. A picture of the analog input modules 

connected to the NEXUS RTU is shown in Figure 3.4.2.

Figure 3.4.2: NEXUS RTU and analog input modules

Using the NEXUS to monitor power system voltages and currents is simple, as 

the NEXUS RTU has accommodations to directly receive signals from the current 

transformers as well as voltage probes. This particular NEXUS unit is able to 

accommodate voltage inputs up to 330 V so that a step down transformer is not needed to
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obtain data from the voltage probes. Donut style current transformers are placed around 

each conductor of a three phase system to step down the actual currents. The current 

transformers used in this project have a step down ratio of 500:5, meaning that a 5 Amp 

current signal enters the RTU for every 500 Amps of current in the actual system. The 

current transformer ratios are programmed into the NEXUS unit by the user and the user 

is able to view the actual current and power values.

3.4.2 Data Averaging and Storage

The NEXUS RTU is equipped with 2MB of memory capacity. The memory is 

partitioned into several different logs to store the different categories of data being 

processed. As the NEXUS RTU is primarily designed for use by power utilities, the 

majority of the memory partitions are used to accommodate electrical parameters such as 

power quality, energy consumption, and revenue metering. The data collected by the 

analog input modules is stored in two different logs, ‘Historical Log 1’ and ‘Historical 

Log 2’. All data has a time stamp accurate to the hundredths of a second.

To improve the readability of the data and to increase the amount of storage 

capacity, the data collected by the analog input modules (as well as all of the other data 

collected by the NEXUS RTU) is averaged over a user specified time interval. For 

example, 1 minute worth of data can be averaged and stored as a single data point with a 

time stamp.

3.4.3 Data Retrieval

When polled, the NEXUS RTU exports its collected data to the polling PC in the 

form of a .db file. The .db file is in MS Access format and is divided up into several 

different tables, each containing one hour of data points. Data from the various memory 

partitions (i.e. historical logs, disturbance reports, power quality information etc.) are 

each stored in their own table within the database.

There are two options for downloading the .db files from the RTU. First, there is 

an attachment to the Communicator software known as Script and Scheduler (S&S) that
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has the capability to automatically download the .db file to an external PC at a user 

specified time interval. This time interval can be anywhere from once a minute to once a 

year. The second option involves simply using the Communicator software to enter a 

manual command to download the data. A screenshot of the menu in which the user 

selects which logs to download is shown in Figure 3.4.3.

Select Log(s) to  be  R e tr ie v e d  from  Nexus

Meter Designation 00082632

RetrieveLog Type
Historical Log 1

Limits

Digital Qi
Flicker
Waveform / PQ

Available
Available
Available
Available
Available
Available
Available
Available

Figure 3.4.3: Manual data retrieval process from NEXUS RTU [20]

For this project, a PC with NEXUS Communicator installed and the S&S 

attachment continuously operating was set to retrieve Log 1 from the NEXUS RTU via 

TCP/IP connections once every 12 hours. The process of downloading data in this 

method is quite simple due to the user friendly software. The IP Address of the NEXUS 

RTU was programmed into the continuously operating S&S software along with settings 

that inform the software of what memory partitions to retrieve. At this point, the data 

have been retrieved from the NEXUS RTU and the next step is to process the data 

externally.
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3.4.4 External Processing of Data

The NEXUS Communicator software contains an attachment known as Log 

Viewer that can be used to view the contents of the retrieved database file. This software 

was used in the initial stages of the project as the primary means of data retrieval. 

However, as the project progressed, using this software to process large amounts of data 

from several different sensors proved to be quite cumbersome. This was mainly due to 

the fact that the only method of extracting data into a spreadsheet file for analysis was via 

copying and pasting. Performing this type of data extraction on a consistent basis was 

quite time consuming and, as a result, other methods were examined to retrieve and 

process the data contained in the .db file.

MATLAB with the Database Toolbox attachment was the software selected for 

this task. This software package was especially useful to the project as it enabled the data 

to be automatically taken from the database and then manipulated with commonly known 

MATLAB programming commands. National Instruments has a similar database package 

that downloads from a .db file and allows for manipulation in LabVIEW. Using this 

software was briefly considered, but MATLAB was decided upon because the code could 

be easily modified as the needs of the project will likely be changing in the future. The 

fundamentals of MATLAB programming are also known by a greater number of people 

than those of LabVIEW, making it easier for future users to modify this software.

Using this custom built software, the individual analyzing the data is able to 

select the date and time for the data they would like to view as well as the specific data 

(i.e. exhaust flow, fuel flow etc.). The MATLAB database toolbox then uses SQL 

commands to create a pointer to one of the hourly data tables within the .db file being 

analyzed. The desired data points can then be extracted from the .db file and loaded into 

the MATLAB workspace for further analysis.

Next, the code performs all of the calculations that are necessary to convert the 

current signals into meaningful units. The data from several parameters are then plotted 

and the user has the option of saving the processed data to an MS Excel file for further 

analysis. The data that are retrieved and processed by this software include each of the 12
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data streams from the various sensors and the electrical data. The electrical data include 

the phase voltages and currents, frequency, and the real and reactive powers.

Utilization of custom built MATLAB software proved to be a very worthwhile 

time investment. Using MATLAB to create the plots and process data was much more 

efficient than using the NEXUS Log Viewer software. The ease of use of the software 

will also be advantageous for future users in this project.

3.5 NEXUS 1252 Webpage Capabilities

Once an IP address has been assigned to the NEXUS RTU (as was described in 

section 3.2) the webpage feature of the NEXUS 1252 can be accessed using MS Internet 

Explorer from any location. The default webpage available with the NEXUS RTU 

displays all of the electrical data that is collected. A screenshot of the font page of the 

webpage is shown in Figure 3.5.1. The data being displayed in the screenshot is the basic 

electric power parameters. The webpage automatically updates every 13 seconds.

Figure 3.5.1: Webpage hosted by the NEXUS 1252 [20]
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3.5.1 Modification of the NEXUS Webpage

Inside of the RTU, the data is transported using Modbus protocol. An Extensible 

Markup Language (XML) file is contained within the webpage server of the NEXUS that 

converts the data from Modbus into an acceptable format to be displayed on the webpage. 

The data is then placed into the HTML code and onto the webpage by a higher level 

XML file. The webpage server within the NEXUS RTU also contains all of the necessary 

top level HTML code to construct the framework of the webpage.

It is possible for the NEXUS operator to add XML and HTML code to the 

webpage server to enable it to display data from the analog input modules. The 

proposition of doing this was investigated, but it was deemed that the time investment 

was too large for the scope of this project. This project may prove to be a useful 

undertaking in the future.

3.6 Sensors Interfaced to the NEXUS RTU 

3.6.1 Overview

The monitoring system consists of the Electroindustries NEXUS RTU interfaced 

to several sensors that measure important parameters of the generation system. The 

majority of the sensors are used to monitor the various forms of energy being consumed 

and rejected by the generator. The fuel consumption along with the amount of waste heat 

and exhaust escaping from the generator are the most important entities that are 

measured. The remainder of this chapter describes the sensors that are involved with the 

monitoring system along with their primary functions.

There are three different devices that measure the fuel consumption of the 

generator. The first is an ultrasonic rangefinder that mounts externally on top of the 4000 

gallon bulk fuel storage tank that monitors the fuel depth in the tank. The second is a 

pressure transducer located on the bottom of the day fuel storage tank that directly 

supplies the generator. Through measurements made by this device, the weight of the 

fuel in the tank can be calculated. The data from the rangefinder and the pressure 

transducer both enable the volume of the fuel in the tanks to be calculated and monitored
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when incorporated with the tank dimensions. When plotted over time these data points 

can be used to gauge the fuel consumption rate of the generator. The next method of 

measuring the fuel consumption is with ultrasonic flow meters situated on the fuel line 

between the day fuel tank and the generator. These meters measure the instantaneous 

flow rate of the fuel through the line and are equipped with an accumulator function that 

determines the total amount of fuel flow.

The next set of sensors consists of thermocouples that measure the temperatures 

of the coolant flowing between the generator and radiator. The thermocouples produce a 

nonlinear voltage output that is passed to a signal conditioner to be converted to an 

analog 4-20mA signal that is linear to temperature. There is a thermocouple situated on 

the input and the output of the generator cooling system. The difference between these 

two sensors is an indication of the amount of heat being emitted to the outside air by the 

radiator. A thermocouple is also situated on the engine block to measure the radiated heat 

and another thermocouple is located near the entrance to the air intake system.

The flow of the coolant through the generator is measured by three different types 

of flow meters. The first is an ultrasonic flow meter similar to the ultrasonic meters 

measuring the fuel flow. The second is a turbine meter and the third is a magnetic flow 

meter. There is more detailed information about the operating principles of these meters 

in the next section. The flow meter data, along with the input and output temperatures of 

the coolant, enables the amount of energy escaping from the generator through the 

cooling system to be calculated.

An insertion probe containing a thermal anemometer measures the flow and 

temperature of the exhaust output of the generator. Monitoring the temperature and 

amount of exhaust leaving the generator enables the amount of heat energy rejected 

through the exhaust to be calculated.

The following section discusses each of these sensors in greater detail. The basic 

operating principles of each sensor are outlined along with basic information about its 

installation process.
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3.6.2 Measuring Fuel Volume in Storage Tanks

The monitoring system contains two different sensors that are capable of 

measuring the volume of fuel in a fuel tank. The first is an ultrasonic rangefinder which 

emits a 4-20mA analog signal proportional to the depth of fuel in the tank. The second is 

a pressure transducer that emits a 4-20mA signal proportional to the weight of the fuel in 

the tank. Specification sheets for both of these devices can be found in Appendix E.

The rangefinder transmits a 26 kHz signal from its base and then receives this 

signal after it is reflected off the medium. The microprocessor contained inside of the 

rangefinder measures the time between the signal transmission and reception and 

translates this into a distance between the bottom of the rangefinder and the medium 

below. Once the depth of the fuel in the tank is known, the volume of fuel can be easily 

calculated by factoring in the dimensions of the tank.

Proper selection of the mounting location is the most important parameter that 

must be taken into consideration to ensure proper operation of the rangefinder. The 

device emits an 8 degree conical beam meaning that the larger the distance between the 

bottom of the rangefinder and the medium below, the larger the radius occupied by the 

ultrasonic signal. If a portion of this signal is obstructed by the wall of the fuel tank, a 

portion of it will be reflected prematurely and will cause erroneous calculations to be 

made by the microprocessor in the device.

The second method of measuring the fuel consumption is through the use of a 

pressure transducer located in the bottom of the day tank. The pressure exerted on the 

transducer by the fluid is sufficient to distort a plastic diaphragm located within the 

transducer a small amount. The amount of distortion in the diaphragm is proportional to 

the pressure at the bottom of the fuel tank measured in lbs/in2 (PSI) and a 4-20 mA signal 

proportional to the PSI is emitted. This signal can then be converted to volume by 

multiplying it by the surface area and the density. The change in volume over time can be 

used to calculate the fuel consumption rate of the generator.
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3.6.3 Monitoring of Instantaneous Fuel Flow

The amount of fuel consumed by the generator can be monitored on a real-time 

basis by using a flow meter to monitor the amount of fuel flowing through the supply and 

return fuel lines. The momentary change in fuel consumption is useful to know as it 

allows the fuel consumption trend to be distinctly seen during times of changing 

electrical load on the generator. This information can be used to find the optimal 

electrical load for the generator as will be discussed in Chapter 6 of this thesis.

The EESiFlo Inc. S-Series ultrasonic flow meter is being used in this research 

project to measure the flow of diesel fuel from a storage tank into the electric generator. 

This particular meter is useful to the project as it is designed to measure fluid flow in 

small pipes with a diameter of three-quarters of an inch or less. Ultrasonic flow meters 

present a distinct advantage over turbine or other in-line style meters as little time and 

effort is required for the installation process. Also, according to the manufacturer, the 

EESiFlo ultrasonic meters are advantageous over other ultrasonic meters because there 

are no requirements as to where they can be mounted on a pipe. Refer to Appendix E for 

additional information about this flow sensors.

The principle of the ultrasonic flow meter is centered on the apparent propagation 

velocity of the ultrasonic wave through a medium flowing through a pipe. If the medium 

is stationary and remains at a constant temperature and density, the time taken for an 

ultrasonic signal to be transmitted by one sensor, travel down the fuel line a short 

distance, and then be received by another sensor will remain constant. However, if the 

medium is dynamic, the time taken for the transmitted signal to be received by a 

downstream sensor will be reduced proportional to the fluid speed. For the EESiFlo 

meters used by this project, the upstream sensor transmits an ultrasonic signal to a 

receiving sensor located approximately one to two inches downstream, the exact distance 

depending on the diameter of the pipe. The upstream sensor emits the testing signal 60 

times per second, thus producing a very accurate profile of the fluid velocity. The 

microprocessor within the flow meter then compares the reception time for the dynamic
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fluid flow to the reception time if the fluid were static. This data provides sufficient 

information for the microprocessor to calculate the velocity and subsequent flow rate.

The inner cross sectional area of the fuel line is programmed into the flow meter 

by the user and the meter performs the necessary calculations and outputs a 4-20 mA 

signal that is proportional to the volumetric flow rate of fluid through the line. In 

addition, the meter has an accumulator function that records the total amount of fuel that 

has passed through the line.

3.6.4 Monitoring Temperatures

The monitoring system uses type K thermocouples to measure the temperature of 

different entities involved with the diesel generator. A brief explanation follows 

explaining the principle of operation of a thermocouple.

Thermocouples consist of wires made from two dissimilar metals touching at one 

end and left open at the other end. When the connected end is subjected to a different 

temperature than the open end, a voltage signal will be induced from the electron transfer 

caused by two different types of heated metals being in close proximity to each other. 

The magnitude of the generated voltage is mathematically related to the temperature 

difference between the open end and closed end of the thermocouple and can therefore be 

used to calculate the temperature at the open end. The different models of thermocouples 

(type D, F, K etc.) are referring to the types of metals used in the thermocouple design as 

this affects the magnitude of the induced voltage. The type K thermocouples utilized in 

this project are constructed of Nickel Chromium and Nickel Aluminum wires [21].

The relationship between voltage and temperature is highly nonlinear and the 

generated voltage must be conditioned to produce a linear 4-20mA signal suitable for 

input into the NEXUS RTU. The signal conditioner digitizes the thermocouple voltage 

signal, applies it to the appropriate temperature conversion equation, and outputs a 4- 

20mA signal that is directly proportional to temperature at the closed end of the 

thermocouple. Specification sheets for the signal conditioner are attached in Appendix E.
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Figure 3.6.1: Process of acquiring data from a thermocouple

Two Type K thermocouples are utilized to measure the input and output 

temperature of the glycol-water mixture used to cool the generator. The closed end of the 

thermocouple is inserted directly into the fluid using a “thermocouple well,” basically a 

compression fitting that allows the thermocouple insertion to pass through a hole in the 

pipe. Knowing the input and output temperature of the generator coolant allows the heat 

transfer rate of the system to be calculated which will be discussed in Chapter 6 of this 

thesis.

Additional thermocouples are used to measure the engine block temperature of 

the generator and ambient temperature of the generator container. Knowing the 

temperatures of these parameters is useful to gauge the amount of energy being lost as 

engine heat.

3.6.5 Monitoring Coolant Flow through the Generator

Three flow meters, each with different operating principles, were used to record 

the flow of coolant through the generator. The meters were an ultrasonic model, an 

insertion turbine model, and an in-line magnetic meter. The reason for experimenting 

with different models of flow meters was primarily to gauge which flow meter produces 

the most stable set of data and then utilize this flow meter when the system is installed in 

a field application. The principle of operation for each type of flow meter is described in 

the following section.

3.6.5.1 Ultrasonic Flow Meter

The EESiFlo 5000 is an ultrasonic meter that is used to measure the coolant flow. 

It has a similar operating principle to the EESiFlo S-Series meters, only it is specifically



52

designed to measure high volumetric fluid flows through pipes with a large cross 

sectional area. Refer to the specification sheet in Appendix E for further details.

Due to the sizeable cross-sectional diameter of coolant line piping, the path of the 

ultrasonic signal will be distorted by a considerable amount as it travels through the 

medium. Therefore, a detailed set of information about the fluid parameters such as 

density and viscosity must be programmed into the flow meter. Also, the parameters 

regarding the pipe wall material, lining, and roughness are also very important for the 

meter to calculate appropriate correction factors and provide accurate flow rate data. 

There is more detailed information about the settings in the next chapter.

3.6.5.2 Turbine Flow Meter

The principle of operation of the turbine flow meter is quite straightforward. A 

probe is inserted directly into the coolant line through a tee section of pipe. The end of 

the probe is equipped with a small, plastic spinning wheel, better known as a turbine 

which is put into motion by the fluid flow through the pipe. There are magnets located at 

the end of four of the turbine blades and a “high” voltage signal is emitted each time one 

of these magnets passes by a large magnet located at the end of the turbine shaft. The 

subsequent output of the meter is therefore a “pulse train” or a series of low and high 

voltage signals. The “K-factor” or conversion rate between the number of pulses and the 

volumetric flow rate is 60 pulses/gallon. The model of flow meter being used is the 

Omega FTB 720 and a specification sheet for the device is attached in Appendix E.

The NEXUS RTU has the ability to count pulse signals and an attempt was made 

to utilize this feature. Recording the number of pulses (i.e. total flow) over the time taken 

to create the pulses gives an accurate indication of flow rate. However, this attempt was 

unsuccessful and a signal conditioner had to be ordered that processed the pulse signal 

coming from the turbine meter and converted it to a 4-20 mA sign proportional to the 

flow rate. This signal could then be easily sent to the analog input module of the NEXUS 

RTU.
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3.6.5.3 Magnetic Flow Meter

Magnetic flow meters, commonly known as electromagnetic flow meters, operate 

on the principle that fluids with charged particles moving at right angles to a magnetic 

field will induce an electric field or voltage. The voltage will be induced on a pair of 

electrodes mounted on the flow meter. There is a mathematical relationship between the 

magnitude of induced voltage and the velocity of the fluid. A fluid velocity is calculated 

by the microprocessor on the flow meter using the induced voltage and this relationship. 

A mass or volumetric flow rate can be calculated using the fluid velocity, density, and the 

cross sectional area of the fluid flow. A diagram showing the orientation of the magnetic 

fields used to operate the flow meter is shown in Figure 3.7.1. The model of flow meter 

used was the Siemens Magflo 7000 and a specification sheet is attached in Appendix E.

Figure 3.7.2: Principle of operation of magnetic flow meter [22].
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3.6.6 Monitoring the Exhaust Flow

The mass flow rate of the exhaust is measured using a thermal anemometer. The 

primary component of a thermal anemometer is two temperature sensors that are inserted 

directly into the flowing exhaust gas. One sensor measures the ambient temperature and 

the other is heated 120 °F to 200 °F above ambient temperature. The motion of the 

exhaust gas passing by the heated sensor will cause a cooling process to occur. A 

feedback control system within the thermal anemometer will attempt to keep this heated 

sensor at a constant temperature by supplying more power to compensate for the 

temperature decrease. The corresponding increase in current due to the greater power 

draw will be related to the exhaust velocity.

A microprocessor within the meter records the current increase and combines this 

information with other settings to calculate a value for exhaust gas velocity. Applying the 

same concepts that were described in the description of the flow meters, a volumetric or 

mass flow rate value can be found from velocity. This value is then outputted from the 

meter as a 4-20 mA signal. The meter also has the ability to output the temperature of the 

exhaust gas as a 4-20 mA signal. This is advantageous as it negates the need for a 

thermocouple fixture to measure the exhaust temperature.

3.6.7 Monitoring the Electrical Output

Monitoring the electric power output of a generator is relatively simple; all that 

needs to be found are the voltage and current values of each phase between the generator 

and load. If the sampling rate is sufficiently high, all of the subsequent calculations that 

are needed to calculate power parameters can be found through manipulation of the 

current and voltage data.

The primary equipment needed to monitor the level and trends of the electrical 

power produced by the generator are three current transformers situated on the wiring 

between the generator and load. The purpose of the current transformers is to step the 

current down to an acceptable level to be read and digitized by the data recorder. The 

current transformers used by this project are 500:5, meaning that 5 A will be sent to the
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NEXUS RTU for every 500 A of actual current flowing from the generator to the load. 

The size of the current transformer is programmed into the NEXUS RTU and enables the 

original current reading to be digitally reconstructed. Probes are connected at the load 

terminals to monitor the voltage being supplied to the load. The NEXUS RTU is 

equipped to measure up to 300V, enabling the voltage signal to be directly measured 

without the need of transformers to step the voltage down. Once the current and voltage 

signals have been sent to the RTU, the signals can be digitized and calculations can be 

performed to find all of the pertinent electrical information. The real power, power factor, 

and energy usage (kWh) are just a few of the parameters that the NEXUS can calculate 

once the current and voltage are known. The sampling rate of the NEXUS RTU 

pertaining to the electrical data (512 samples/cycle) is sufficient to perform in-depth 

calculations of the power quality parameters that may be used later in subsequent phases 

of the project.
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CHAPTER 4 

Initial Tests and Calibration of Sensors 

4.1 Calibration Overview

It is important to conduct preliminary tests of the sensors described in Chapter 3 

to ensure that they are operating properly and gauge the amount of error that can be 

expected in the data they produce. A great deal of time was spent in this project testing 

the sensors in a laboratory setting before they were installed on the diesel generator.

Simple initial tests were conducted on an individual basis for most of the sensors, 

mainly to become familiar with their operation and ensure that they were producing data 

that could be read by the NEXUS RTU. After the operation of each sensor was 

adequately understood, in-depth tests that involved several sensors simultaneously 

monitoring the same event were performed. The level of correlation between the data 

from each of the sensors was then examined.

This chapter discusses the configuration steps and the basic “familiarization tests” 

that were conducted for each of the sensors on an individual basis. The tests that 

simultaneously utilized several sensors at once are described in the later half of the 

chapter.

4.2 Configuration and Initial Testing of the EESiFlo S-Series Flow Meters

The EESiFlo meters that were intended to be used to measure the flow rate of fuel 

into the engine were purchased far in advance of the other sensors. Consequently, a great 

deal of time was spent configuring and testing these devices.

4.2.1 Settings for the EESiFlo S-Series Flow Meter
The installation and configuration of the EESiFlo S-Series meter proved to be 

very simple. Several mandatory settings had to be programmed into the meter before it 

could produce reliable data. Also, several secondary settings were configured to fine tune 

the data’s accuracy. The following is a brief description of the important settings of the
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meter. Note that all of the values have to be entered into the meter in metric units. In the 

following section the metric settings are used to assist future users of the meter.

Range -  This is the range of the fluid flow that the meter will be measuring. 

Obviously, the larger the range, the less accurate the mA output value will be. The 

range can be set between 5 L/min (19.0 gal/min) and 20 L/min (76.0 gal/min). 

Tube Cross Section -  The inner dimensions of the pipe that the fluid is flowing 

through. The mounting bracket for the meter is compatible with tubing that has an 

outer diameter of three-quarters, one-half, or three-eighths of an inch.

Liquid Temperature -  The user sets the temperature of the fluid that is flowing 

through the measurement area. This parameter needs to be known in order to 

calculate correction factors that compensate for the transmitted signals becoming 

distorted as they pass through the fluid flowing through the pipe.

Speed of Sound -  The speed that the ultrasonic signal is expected to travel when 

passing through the medium flowing through the pipe. For the initial tests of 

water flow this option was set to 1504 m/s (4934 ft /s). For diesel fuel this was set 

to 1321 m/s (4334 ft/s).

Scaling -  This setting multiplies the output flow rate value by a constant for 

calibration purposes. The multiplier constant value can be adjusted between 0.500 

and 1.500. This setting is discussed in detail later in this section.

4.2.2 Initial Tests with the EESiFlo S-Series Flow Meter

The EESiFlo meters were first used to measure the flow of water. A testing 

apparatus was constructed consisting of water flowing through a hose. A section of 

copper pipe was inserted into the hose on which to mount the EESiFlo sensors.

Several tests were conducted with water at flow rates of 0 to 20 L/min (317 

gal/hr) and the current outputs of the EESiFlo meter recorded by the NEXUS RTU. In 

most tests, the flow meter was used to monitor a 20L (5.3 gal) container being filled with 

water. The time taken to fill the container was recorded and used to calculate an average
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flow rate in L/min. This actual flow rate was then compared to flow rates recorded by the 

flow meter.

Several tests were initially conducted to verify that the meter was operating 

satisfactorily. In subsequent tests of the meter, the effect that changing certain settings 

and the mounting configuration of the external clamp-on sensors had on the stability and 

accuracy of the flow rate readings was examined. A data set for a portion of these initial 

tests is shown in Figure 4.1.1.
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Figure 4.1.1: Initial Tests of an EESiFlo S-Series Meter

The actual flow rate and meter flow rate values had a consistent offset of 10%. 

This error can nearly be eliminated by entering a value of 1.1 into the scaling settings of 

the flow meter.

4.2.3 Comments on Performance of the EESiFlo S-Series Meter

The meter initially appeared to be functioning quite consistently until it was 

discovered that its performance was affected by the tightness of the clamp-on sensors.
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New scaling values would be required each time the sensors were repositioned. This is 

an obvious inconvenience if the meter were utilized in an application without 

accommodations to derive scaling factors. Further, if the clamp-on sensors were secured 

too tightly the flow meter readings tended to fluctuate and were often unreadable.

4.3 Configuration of the Temperature Measurement Sensors

The type-K thermocouples are interfaced to signal conditioners to convert the 

temperature signals to a 4-20 mA signal that can be read by the data recorder. The type of 

thermocouples that were used was not an issue, but there were several factors that had to 

be taken into consideration to find a suitable signal conditioner.

4.3.1 Selection of Thermocouple Signal Conditioners

The project initially attempted to use an Omega DP-25 signal conditioner as one 

of these units was readily available. However, it was found that this signal conditioner 

would not produce a stable current output signal when interfaced to the NEXUS RTU. 

After consulting with the manufacturer of the signal conditioner it was discovered that 

the problem was due to the signal conditioner having a non-isolated output. This means 

that the electronics producing the 4 - 20 mA output signals were not isolated from the rest 

of the electronic circuitry. Therefore, a ground loop was formed when connected to the 

input module of the NEXUS RTU. This problem actually proved to be a good learning 

experience as care was taken in the purchasing of subsequent sensors to always obtain 

devices with isolated outputs. A different model of signal conditioner was then 

purchased.

4.3.2 Calibration of the Signal Conditioners

The 4 and 20 mA outputs from the thermocouple signal conditioners had to be 

calibrated to correspond to actual temperatures. For example, if 20mA was to correspond 

to 212 °F a thermocouple measuring a temperature of a 212 °F medium would need to be 

interfaced to the signal conditioner. The current output of the device was then manually
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adjusted to 20 mA and a switch was set to lock this configuration into the memory of the 

signal conditioner. The same procedure was then undertaken for the lower temperature 

corresponding to the 4mA signal. To facilitate the process, a Fluke Process Calibrator 

was used to simulate a Type-K thermocouple output at the desired temperatures. The 

signal conditioner was interfaced to the Process Calibrator to set the low and high 

temperature values into place. The high scale value (20mA) was set at 212 °F and the low 

scale value (4mA) was set to 32 °F At this point the signal conditioners were ready to 

begin processing temperature data.

4.3.3 Initial Tests with the Signal Conditioners

To verify the accuracy of the temperature measurements, two thermocouple 

systems were used to monitor the identical event and their outputs were compared. In the 

data shown in Figure 4.3.1, the thermocouples are measuring the temperature of heated 

water cooling towards room temperature. The same system was also monitored through 

manual readings from a digital thermometer and a mercury thermometer.

Testing Therm ocoup le  S ystem

Figure 4.3.1: Comparing temperatures measured using different thermocouples
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The different methods of measuring the temperature correlated to within 5% of 

each other across the entire measurement spectrum. Several additional tests similar to 

this one were conducted involving different temperatures and heat transfer rates. In each 

of the tests, the temperatures produced by the thermocouple system produced results 

similar to the test shown in Figure 4.3.1. From these tests, it was concluded that the 

temperature measurement portion of this project was ready to be implemented in a field 

application.

4.4 Configuration and Calibration of the Ultrasonic Level Sensor

The ultrasonic level sensor was quite straightforward to calibrate and test. An 

optional user interface for this device that gives the user the ability to scale the current 

outputs to correspond to a given distance was not purchased. Consequently, several tests 

had to be conducted to find the relationship between the current output signals of the 

ultrasonic level sensor and the corresponding distance.

The tests consisted of simply varying the distance between the ultrasonic level 

sensor and a flat surface. At each distance, the current output signal would be recorded to 

the hundredths of a mA. Once the data had been collected, it was entered into Excel and 

a trend line plot was used to find a linear relationship between current output and depth. 

The results of these tests are shown in Table 4.4.1. The relationship was found to be

Dist - f t  — (21 -14 — mA _  out)10.4302 (Eq. 4.1)

The collected data and the Excel plot that were used to obtain the above equation 

are shown in Table 4.4.1. After Equation 4.1 was derived, tests were performed in reverse 

where the equation was used to predict the output signal value at given distances. The 

predicted and actual current values were then compared and the error values were 

calculated to be less than 1%.
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Table 4.4.1: Calibration of ultrasonic level sensor
Distance (ft) 

sensor to surface
Current 

Output (mA)
2.75 19.97
3.00 19.84
3.50 19.62
4.00 19.39
4.50 19.17
5.00 18.95
5.50 18.73
6.00 18.54
6.50 18.31
7.00 18.09
7.50 17.87
8.00 17.67
8.50 17.45
9.00 17.21
9.50 17.03
10.00 16.8
10.50 16.6
11.00 16.39
11.50 16.17
12.00 15.96
12.50 15.74
13.00 15.52
13.50 15.3
14.00 15.11
14.50 14.87
15.00 14.67

4.5 Configuration and Calibration of the Pressure Transducer

A pressure transducer was purchased by the project to provide another means of 

verifying the volume of fuel being consumed by the generator. The operation of this 

device is described in Chapter 3. The pressure transducer is similar to the ultrasonic level 

sensor in the respect that no external signal conditioning devices were purchased and 

initial tests had to be performed to derive a relationship between current output and 

pressure.
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4.5.1 Tests to Derive a Relationship between Output Signal and Pressure

As with the ultrasonic level sensor tests, the pressure transducer was subjected to 

a known pressure and the mA output was recorded. To subject the transducer to a known 

pressure a uniform shaped container and a scale were required. Knowing the weight of 

the fluid along with the cross sectional area of the container allows the pressure in lb/in 

(PSI) at the bottom of the container to be calculated manually.

In the first attempt at deriving a current to pressure relationship, a plastic 

container was used that tended to bulge out a great deal at the sides. The accuracy of this 

test proved to be unacceptable and another test was performed replacing the plastic 

container with a steel 55 gallon drum. This drum had an extremely small bulge at the 

sides and, compared to the barrel, it was nearly a uniform cylindrical shape. The data 

from this second test are plotted in Figure 4.5.2.

Calibrating Pressure Transducer

Figure 4.5.2: Calibration of the pressure transducer

Entering the data from the above plot into Excel and producing a trend line 

yielded Equation 4.2.

PSI =0.9207 * (m A _ o u t) -  3.5774 (Eq.4.2)
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4.5.2 Concerns with the Pressure Transducer Accuracy

According to Figure 4.5.2, the current output of the pressure transducer changed 

less than 1 mA throughout the duration of this test. Judging by this data, the pressure 

transducer was intended to be used in containers capable of holding several thousand 

gallons of liquid. Therefore, any extremely small current fluctuation (possibly even at the 

micro amp level) induced during the signal transmission will translate to a noticeable 

error when converted into a volume. External equipment that allows the device to be field 

scalable would be very useful in this situation.

4.6 Setup of Kurz Exhaust Meter and Temperature Sensor

The Kurz 454 FT Exhaust flow meter used a thermal anemometer inserted into 

the exhaust output stack of the diesel engine to measure the velocity of the exhaust gas. 

The method that the thermal anemometer employs to obtain the exhaust velocity and flow 

rate is summarized in the previous chapter and a specification sheet is attached in 

Appendix E. The insertion probe is also equipped with a temperature sensor that 

measures and outputs the temperature of the escaping exhaust.

4.6.1 Settings for the Exhaust Meter and Temperature Sensor

As the exhaust flow meter obtains a velocity and converts it into a flow rate 

similar to the fluid flow sensors, one important setting is the cross sectional area of the 

exhaust stack. This allows conversion from velocity to mass flow rate.

The size of the insertion probe is entered into the settings enabling appropriate 

correction factors to be derived that account for the blockage of the exhaust flow stream 

by the insertion probe. In addition, the velocity of the exhaust will fluctuate at different 

locations within the pipe and the insertion probe must be inserted near the middle of the 

exhaust stack in order to get a snapshot of the average velocity.

The low and high flow rate values must be entered enabling the analog output to 

be scaled with low flow rate corresponding to 4mA and the high flow rate corresponding 

to 20 mA. The same must be done for temperature.
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It was found that the meter was factory calibrated so that it could be used only 

with gasses that consisted mainly of air. The parameters of this gas such as molecular 

weight and density were hardwired into the settings and could not be changed by the user. 

Therefore, field calibration had to be performed which is described in Chapter 5.

It was not practical to perform many initial tests of the exhaust flow meter due to 

the time involved to setup an adequate testing apparatus and lack of an adequate means to 

verify the accuracy of the results.

4.7 Calibration and Testing of the Coolant Flow Meters

4.7.1 Test Setup

To calibrate and test meters that were used to monitor the flow of coolant through 

the generator cooling system, a test loop was constructed in the UAF Mechanical 

Engineering Department’s Thermal Systems lab. The test loop consisted of fluid being 

pumped through a straight section of steel pipe with an inner diameter of 2 inches. Three 

different types of flow meters monitored the coolant flow rate. The first meter was a 

Siemens Magflo F7000 magnetic flow meter that will eventually be used by the AEA to 

measure the coolant energy output of diesel generators actually operating in rural 

communities. The second flow meter was the EESiFlo 5000 Series ultrasonic flow meter, 

and the third meter was the Omega FTB 720 Turbine meter. The operating principles of 

all three of these meters are described in the previous chapter. Water was pumped 

through the system initially and once the operation of the system was verified with pure 

water a 50/50 water and propylene glycol mixture was used. The glycol mixture was 

stored in a 105 gallon holding tank and was pumped through the flow meters into another 

identical tank by a 1-horsepower pump that had a maximum flow rate of 82 GPM. The 

fluid flow rate was regulated by a ball valve near the outlet of the pump. To begin another 

test, the fluid was pumped back from the dump tank into the holding tank by a small 

sump pump. The entire system is shown in Figure 4.7.1.
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Figure 4.7.1: Apparatus constructed to test flow meters

4.7.2 Overview of the EESiFlo 5000 Series Meter

The principle of operation of the EESiFlo 5000 flow meter is essentially the same 

as that of the EESiFlo S-Series meter. However, this meter is designed to measure large 

amounts of fluid flow through pipes with inner diameters greater than 1 inch. 

Consequently, the settings programmed into this meter are much more detailed than those 

of the EESiFlo S-Series meter to formulate accurate correction factors for the distortion 

of the ultrasonic signal as it is transmitted through the fluid.

4.7.2.1 Configuration of the EESiFlo 5000 Meter

Several settings had to be configured in to the flow meter regarding the properties 

of the pipe material on which the ultrasonic clamp-on sensors were attached. The meter 

had a convenient feature that allowed the desired pipe material to be selected from a 

library of common pipe materials such as plastic, copper, or iron. Once the appropriate 

material was selected from the list, all of the necessary information regarding the 

properties of the material was automatically configured. Values for the piping outer 

diameter, wall thickness, and coating (i.e. rust, paint etc.) are entered by the user.
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As with the pipe medium parameters, the type of fluid being used in the system 

could also be selected from a library. All of the pertinent information about the fluid, 

density and viscosity being the most important, is then automatically configured. The 

fluid temperature was entered by the user as a single static temperature. This is a potential 

problem if the EESiFlo 5000 is being used in this application to measure the flow of 

fluids that have a constantly fluctuating temperature. Ideally, there should be a interface 

to a thermocouple and this value should alternate with temperature.

The first step in the installation process of the external clamp-on sensors was to 

program settings into the meter regarding the orientation of the sensors relative to each 

other. The user enters if it is desirable for the sensors to be mounted on identical or on 

opposite sides of the pipe in addition to how many times the signal should be reflected off 

of the inner pipe wall before being received by the downstream sensor. The mounting 

configuration is determined by the diameter and wall thickness of the pipe. Based on all 

of these external settings, the meter then calculates how far apart the sensors should be 

situated in relation to each other. It was found that this distance had to be realized to 

within a couple of millimeters or the downstream sensor could not receive the transmitted 

signal from the upstream sensor.

4.7.2.2 Data Collected with the EESiFlo 5000 Meter

The EESiFlo 5000 meter appeared to operate very well for certain flow 

conditions. The operation was verified by comparing instantaneous flow rate data to that 

of the magnetic flow meter. Also, the total volume flow from the accumulator feature was 

recorded and compared to total volume derived from the magnetic flow meter 

accumulator, monitoring the weight of the fluid, and utilizing pressure transducer. Both 

of these total volume values were compared to the volume value obtained by weighing 

the fluid, known as the gravimetric method. Comparing all of these methods allowed the 

performance of the meter to be monitored over a long time period.

The overall performance of the EESiFlo 5000 can be described as conditional. An 

example of the EESiFlo 5000 performing reliably is shown in Figure 4.7.2.



68

Flow Meter Comparison

Time (seconds) (0 = Start of Test)

Figure 4.7.2: Reliable operation of the EESiFlo 5000 flow meter

The volume readings in the following table were recorded through four different 

methods; the accumulators of the ultrasonic and magnetic flow meter, the pressure 

transducer (which was described in Section 4.5.1), and the gravimetric method.

Table 4.7.1: Different methods of calculating total flow

Gravimetric Pressure Ultrasonic Magnetic
Method (gal.) Trans, (gal.) Meter (gal.) Meter (gal.)

77.9 78.9 79.3 77.6

Judging by the data just presented, the operation of the ultrasonic flow meter was 

very reliable for this particular flow rate. However, the reliability of the flow meter 

sharply decreased when it was used to measure low flow rates, low being defined as 10 

GPM or less. This situation is exemplified in Figure 4.7.3.

The erratic nature of the flow rate data would increase as the flow rate decreased 

further below 10 GPM. Pockets of air traveling through the pipe at these low flow rates 

was undoubtedly responsible for this unreliable performance.
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Flow Meter Comparison

Time (seconds) (0 = Start of Test)

Figure 4.7.3: Performance of EESiFlo 5000 at low flow rates

If the pipe was not entirely full at the beginning of the test, the flow rate data 

would be slightly erratic for a few seconds before stabilizing. If the holding tank was 

running out of fluid at the end of the test and a small amount of air was sucked into the 

pipe, the data would slightly fluctuate at the end of the test. Both of these situations are 

exemplified in Figure 4.7.4 as the test was begun with the pipe partially empty and ended 

in the identical situation.
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Figure 4.7.4: Performance of ultrasonic meter with air in pipe at beginning and end of test

4.7.3 Configuration of the Turbine Flow Meter

The turbine style meter was very easy to configure as the meter itself required no 

settings. The output of the turbine meter is a square wave with a frequency equal to the 

flow rate in GPM. Initially, the project attempted to use the high-speed input (HSI) 

function on the NEXUS RTU to derive a flow rate from this signal. An oscilloscope was 

used in preliminary tests to verify that this approach was acceptable. However, when the 

flow meter was tested in this system it was discovered that the NEXUS counter ceased to 

increment when the frequency of the input signal increased above approximately 10 Hz, 

equivalent to only 10 GPM. As the flow meter would be needed to measure flow rates of 

much greater magnitude than this, a great deal of time was spent examining the cause of 

this problem. Consultation with the manufacturers of the NEXUS RTU revealed that the 

“high” speed input would measure up to a frequency of only about 10 Hz which was
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obviously the cause of the problem. Had the limitations of the NEXUS RTU HSI 

function been stated in the specifications, a great deal of time would have been saved.

After it was determined that using the pulse output of the turbine flow meter 

directly was no longer an option, the project purchased a signal conditioner that 

converted the pulse output to a 4-20 mA analog value that was proportional to flow rate.

4.7.3.1 Configuration of the Turbine Flow Meter Signal Conditioner

The model of signal conditioner that was purchased was an Omega DPF-701. 

This device can be configured to output a 4-20 mA signal corresponding to the flow rate. 

Setting the 4 and 20 mA outputs to correspond to flow rates is the main configuration 

step to begin using the signal conditioner. The scaling procedure for the flow meter signal 

conditioner closely resembled that of the thermocouple signal conditioner. A function 

generator was used to create a square wave that resembled the flow meter output at 100 

GPM. This waveform was passed to the signal conditioner and settings were entered that 

instructed the flow meter that this was the signal to expect at 100 GPM and to emit a 20 

mA output for this signal. The same was done for a flow rate of 0 GPM.

4.7.3.2 Operation of the Turbine Flow Meter

Once the signal conditioner was configured, the turbine meter was able to 

immediately begin monitoring the coolant flow through the system described in Section

4.7.1. The magnetic flow meter was again used as a means of comparison. As can be seen 

in Figure 4.7.5, the turbine meter had a much quicker response time to changes in flow 

than did the magnetic flow meter. This quick response time is advantageous in some 

respects, but on the downside, the erratic nature of the data also makes it more difficult to 

read.
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Flow Meter Comparison

Figure 4.7.5: Comparison of turbine and magnetic flow meters

The volumetric values were recorded using the accumulator feature of the meter 

and then compared with the total volume data from the magnetic flow meter and the 

gravimetric method. When the flow rate was constant, it was found that the readings of 

the turbine meter were slightly lower than the flow rates recorded by the magnetic flow 

meter and the gravimetric method. The data from these tests are shown in Table 4.7.2.

Table 4.7.2: Calibration of turbine flow meter

Test
Average Flow 
Rate (gal / min)

Gravimetric Method 
Total Flow (gallons)

Turbine Flow Meter 
Total Flow (gallons)

Percent
Difference

Scaling
Needed

1 4.1 82.0 76.9 6.27 1.07
2 23.5 81.5 75.8 6.96 1.07
3 38.8 80.7 75.0 7.18 1.08
4 60.1 79.3 73.6 7.24 1.08
5 84.8 79.2 74.0 6.52 1.07
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The results of the tests are very consistent. Therefore, a scaling factor of 1.07 

would be an adequately sufficient calibration factor to enter into the signal conditioner to 

force the turbine meter values to correspond to those from the magnetic meter.

4.8 Container Fill Test

The first test that examined the correlation of several different sensors involved 

filling a 50 gallon barrel with water. The purpose of this test was to monitor how 

accurately the water flow data produced by the pressure transducer, ultrasonic level 

sensor, and EESiFlo S-Series flow meter matched while each device simultaneously 

monitored the barrel being filled.

4.8.1 Test Observation and Results

The 50 gallon barrel was filled at a projected flow rate of 7.5 gallons/minute. The 

test was stopped when 570 gallons of water had been placed in the container. The filling 

process was timed to produce an actual flow rate for comparison purposes. Using the 

physical dimensions of the barrel, conversions were completed that equated the dynamic 

data from the pressure transducer and ultrasonic level sensor into volumetric flow rates. 

The flow rate derivations using this approach are displayed in Table 4.8.1.

Tables 4.8.1: Comparison of water flow rates

Actual I EESiFlo Meter I Press. Trans. I Usonic Level Sensor
Flow Rate (gal/min) 6.81 6.56 6.79 7.36

The maximum deviation from the actual flow was 8% by the ultrasonic sensor 

with the flow meter and pressure transducer deviation being 4%. When they are installed 

in a field application, these sensors will be measuring much larger quantities that more 

closely correspond to what they are intended to measure. It is believed that in this 

situation the sensors will provide acceptable data.
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4.9 Tests of Sensors on a 45 kW Diesel Generator

The primary objective of this test was to compare the data obtained by the various 

sensors described throughout this chapter with a data acquisition system already in use in 

the UAF Mechanical Engineering Department’s Thermal Systems lab facility. For 

convenience, the sensors involved in this project will be called the Village Power Project 

(VPP) sensors throughout this section. The secondary objective of this test was to gain 

insight about where and how to install the sensors in a field application to facilitate the 

installation process. The data acquisition system in the Thermal Systems lab (referred to 

as the “lab DAQ system”) has been used by UAF Mechanical Engineering classes for 

laboratory experiments and its accuracy has proven to be reliable. The device being tested 

by these two different instrumentation packages was a diesel engine - electric generator 

system with a rated electrical output of 45 kW. The actual electrical load was adjusted 

from no load up to 40 kW during this test. The VPP sensors monitored the generator’s 

fuel consumption rate, cooling water flow rate, and the temperature change of the cooling 

water. These parameters, along with several more parameters, were measured by the lab 

DAQ system.

4.9.1 Test Setup and Background Information

The VPP sensors measured six different operating parameters of the generator. 

The supply and return fuel flow, the input cooling water flow, the input and output 

temperatures of the cooling water, and the volume of the diesel fuel in the storage tank.

The EESiFlo S-Series meters were attached to the fuel lines to measure fuel flow 

into the engine and the EESiFlo 5000 meter was used to measure cooling water flow. 

Each of the flow sensors were easily attached onto the outside of the piping and required 

no dismantling of the pipe. It was a requirement that the pipe be metallic as it was found 

that they do not operate when mounted on rubber tubing. Consequently, the supply and 

return fuel lines of the generator had to be reconstructed to include copper tubing with 

3/8 inch inner diameter. A 1-inch inner diameter stainless steel pipe was inserted in series
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with the rubber hose supplying cooling water through the generator. This section of pipe 

made an ideal medium for mounting the EESiFlo 5000 sensors.

Thermocouples were used to measure the shop water input and output 

temperatures. The output from each of the previously described VPP sensors were 

recorded by the NEXUS RTU and averaged in 10-second intervals.

4.9.2 45 kW Generator Test Results

The EESiFlo 5000 series meter that measured the shop water flow produced 

reliable data when compared to the flow rate measured by the turbine style meter already 

in the lab. The water flow with the engine running is shown in Figure 4.9.1

Cooling Water Flow Comparison

Figure 4.9.1: Flow of coolant water measured by different meters

The upper series of data are the flow rate recorded by the turbine style flow meter 

that is part of the lab DAQ system. The lower data series is the flow rate recorded by the 

EESiFlo 5000. The EESiFlo 5000 flow rate was consistently about 8-10 % lower than the 

turbine meter flow rate. The consistency of the error made calibrating the EESiFlo data 

very simple. Once the calibration had been performed (output value scaled by 1.08) the 

data from the two flow meters was very comparable.
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Figure 4.9.2: Trend comparison of electrical and temperature output data

The trends between the cooling water output temperature and electric power 

output of the generator had similar characteristics. As can be seen in the plotted data, the 

times when the electrical load changed corresponded to a rise in temperature in the output 

water temperature. Unfortunately, the lab DAQ sensor that measured the output cooling 

water was not operating as its data would have been very useful for comparison purposes.

The measurement of the fuel volume in the storage tank of the diesel generator 

during its operating time is shown in Figure 4.9.3. The first subplot displays the volume 

of diesel fuel as recorded by the VPP pressure transducer located in the bottom of the fuel 

tank. The second subplot is the diesel fuel volume as recorded by the lab DAQ system. 

The lab sensor consists of a scale that continuously records the weight of the tank and the 

subsequent volume of the fuel.
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Project Pressure Transducer

Lab Load Cell

Figure 4.9.3: Monitoring the volume of the fuel storage tank

The rate of change of the fuel volume is the parameter of the most interest. This 

value can be found by calculating the slope of the trend line of the two figures. As can be 

seen from the equations in the upper right comer of both subplots, the flow rates 

corresponded fairly well with each other, as the difference between the two calculated 

flow rates was approximately 5.5%.

The performance of the EESiFlo S-Series meters was the only major 

disappointment, as the meters failed to produce any useful data. For the majority of the 

test, both of the meters displayed 0.00 L/min with an ‘E’ caption, meaning that the 

transmitted signal was not being received by the downstream sensor. One of the meters 

did display 0.00 L/min without the ‘E’ for a short period of time and even displayed a 

small value of around 0.1 L/min for a few minutes. After consultation with a designer of 

the EESiFlo meter after the test, it was concluded that the problem was likely due to the 

gain (i.e. the signal strength) of the sensors not being set at an adequate level. This was 

noted for further applications of the EESiFlo S-Series meters.
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4.9.3 Conclusions and Lessons Learned from the 45 kW Generator Test
The useful data collected by the VPP sensors included the cooling water flow rate, 

the input and output cooling water temperature, and the rate of fuel volume change in the 

fuel tank. The flow rate values produced by the EESiFlo 5000 were consistently about 8- 

10 % lower than those produced by the lab turbine meter. However, they were consistent 

and could easily be scaled. The VPP thermocouples and the lab DAQ thermocouples that 

measured the temperature of the input cooling water produced results that were very 

consistent with each other, usually differing by only 2-3%. The trend of the output water 

temperature measured by the VPP sensor was extremely useful for comparison to various 

other sensors in the lab DAQ system. It corresponded nicely with the electric load profile 

and the exhaust output temperature.

The fuel consumption measurements were very successful as the two different 

methods of measurement corresponded to approximately 5% of each other. However, the 

data produced by the VPP sensor was contaminated with a great deal of noise and 

produced a poor fit for the Excel trend line.

The test of the monitoring system on a 45 kW diesel generator provided valuable 

experience before the sensors were installed for long term tests on the 125 kW Energy 

Center diesel generator. The problems with the EESiFlo S-Series fuel flow meter were 

discovered. Useful knowledge was gained about the locations in which to mount the flow 

meters and thermocouples for efficient operation. Several procedures were also learned 

related to collecting and exporting the data from the NEXUS RTU.
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CHAPTER 5 

Installation and Operation of the Monitoring System in a Field Application

The following chapter describes the process of installing the monitoring 

system and then using it to collect data from the 125 kW diesel generator located at 

the UAF Energy Center. The specifications and background information for this 

generator are described in Chapter 2. An example of data collected by each of the 

sensors is presented and the performance of each sensor is analyzed. The problems 

that were encountered after installation and methods taken to overcome these 

problems are also discussed.

5.1 Sensor Installation Overview
The installation of the sensors and their subsequent wiring to the RTU 

constituted a major portion of the time invested in this project. One of the larger sub- 

projects in the installation process was installing the turbine flow meter into the 

coolant line. The housing for the turbine meter was equipped to accommodate 2-inch 

inner diameter pipe while the original coolant line was constructed of 3-inch inner 

diameter pipe. Therefore, the original coolant line was dismantled and redesigned 

with 2-inch diameter piping to accommodate the housing for the turbine meter. The 

turbine flow meter and the magnetic flow meter had identical phalanges so it was 

simple to exchange to two meters later in the project.

The installation of the clamp-on sensors for the ultrasonic coolant flow meter 

required very little time compared to the turbine flow meter. This provided first-hand 

validity of the statement made previously that one advantage of the ultrasonic flow 

meter over the turbine meter was ease of installation. A custom-built bracket ensured 

that the ultrasonic meter clamp-on sensors would remain the same distance from each 

other and securely fastened to the coolant line. The clamp-on sensors for the EESiFlo 

S-Series fuel flow meters were also very straightforward to install since a mounting
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bracket had already been built. All that was needed to be done was to secure the 

sensors and bracket to the half-inch fuel lie with hose clamps.

While the coolant line was being rebuilt to install the turbine flow meter, holes 

were drilled and tapped on the coolant lines for the installation of thermocouples. 

Thermocouples were also installed to measure the temperature near the air intake 

filter and also the heat being radiated from the engine block. The thermocouple wires 

were then routed to the signal conditioners that were located near the NEXUS RTU.

A cover for the 4000 gallon bulk fuel storage tank was custom designed to 

accommodate the ultrasonic level sensor. A large metal plate that contained a hole 

large enough for the operating surface of the ultrasonic level sensor was built in the 

machine shop at the UAF Geophysical Institute. This plate replaced the existing tank 

cover and allowed the ultrasonic level sensor to have an unobstructed path to transmit 

signals into the fuel tank and then receive the reflected signals.

Inserting the in-line probe for the Kurz exhaust flow meter was another time 

consuming element in the installation process. A hole was drilled into the exhaust 

stack near the point where it exited the generator enclosure. A clamp was then welded 

into the hole by Eric Johansen of the UAF Mechanical Engineering Department 

machine shop to secure the insertion probe. The probe was inserted and secured with 

care taken to have the tip of the probe located at the center point of the exhaust stack. 

The computer that processed the data from the insertion probe was mounted near the 

NEXUS RTU and wires connected the insertion probe to the Kurz meter computer. 

The high susceptibility to outside interference necessitated that these wires be placed 

in conduit.

5.2 Installation and Configuration of the NEXUS RTU

5.2.1 Physical Installation of the NEXUS RTU
The NEXUS RTU and two of its analog input modules were installed in a 

junction box along with the computer for the EESiFlo 5000 meter, thermocouple 

signal conditioners, and turbine flow meter signal conditioner. Several of these
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devices were powered by a 120VAC outlet that was built in the junction box. A 24V 

DC power source for several of the instruments was also located in the junction box 

and powered by the AC connection. A photograph of the junction box upon 

completion of the project is shown in Figure 5.2.1:

Figure 5.2.1: Junction box containing project equipment

The 4-20 mA signal outputs of the sensors were connected to two NEXUS AI 

input modules. The signal transmission were then converted to Modbus RTU protocol 

and connected to the NEXUS RTU through a single RS-485 cable.

The monitoring system was internet enabled through a connection to the UAF 

network. A Cat5 cable was routed from the network connection inside the Energy 

Center to the NEXUS RTU. The work to make a network connection in the enclosure 

was performed by three different UAF departments.
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5.2.2 Data Logging Settings

As the NEXUS RTU was used primarily for collecting data from the various 

sensors, the majority of the settings that were configured into the NEXUS were to 

control the processes of averaging, logging, and exporting the 4-20 mA signals from 

the sensors. After the installation of the monitoring system, there were 12 sets of 4- 

20mA data entering the NEXUS RTU from the various sensors. Each of the 

individual points in the data sets were averaged over a 20 second interval and the 

resulting data point was stored in the “Historical Log 1’ partition within the NEXUS 

RTU. No scaling of the data was performed within the NEXUS RTU.

The phase voltages and currents between the generator and load bank were 

measured and stored within the NEXUS RTU as 20 second averages. The subsequent 

power values were then found by the NEXUS using the voltage and current 

information and also stored. The electrical configuration (3-phase WYE) and the 

ratios of the current transformers (500:5) were the only settings that needed to be 

programmed into the NEXUS RTU to begin processing the electric power data.

5.2.3 Process of Extracting Data from the NEXUS RTU

As was described in Section 3.3, the NEXUS RTU is able to download a 

database (.db) file to an externally connected PC through a software attachment to 

Communicator known as NEXUS Script and Scheduler. Using Script and Scheduler, 

the NEXUS was configured to export the contents of its database twice a day into a 

continuously operating PC used for collecting and storing data for this project. The 

.db file was also manually downloaded using a laptop computer at non-uniform time 

intervals.

5.3 Calibration of Sensors after Installation
For the thermocouples and signal conditioners, it was possible to test their 

accuracy after they had actually been installed. Using a Fluke 743B process 

calibrator, the insertion end of the thermocouples was exposed to simulations of
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actual temperature changes. The “temperature” data were subsequently transferred to 

the signal conditioners and recorded by the NEXUS RTU. These tests were 

advantageous as any distortions in the thermocouple signal during the long 

transmission between the insertion end of the thermocouple and the signal 

conditioners could be discovered.

This calibration procedure was completed for both of the thermocouples that 

monitored the input and output temperature of the coolant loop. The process 

calibrator was set to simulate three different temperatures in the vicinity of the 

coolant temperatures that the thermocouples were analyzing. It was discovered that 

the output coolant temperature was too low by 0.5 °F and the input coolant 

temperature was 0.8 °F too high. These correction factors were then placed in the 

MATLAB software that processed the data from the NEXUS RTU.

The Fluke calibrator was then used to output a square wave signal into the 

signal conditioner being used to process the output signals from the turbine flow 

meter. Several square-wave signals, varying in frequency from 2 Hz to 100 Hz, were 

sent to the signal conditioner. In each of the tests, the signal conditioner converted the 

square wave signal to a gal/min flow rate accurate to the hundredths of a gal/min.

5.4 Operation of Kurz Exhaust Meter on Energy Center Generator

The temperature measurements of the exhaust gas made by the Kurz meter 

were very reliable. The temperature values were cross-checked against other 

measurement devices and the values were found to be correct to within 3 °F over the 

entire range of exhaust temperature values. Given that the temperature of the exhaust 

gas could climb over 1000 °F at full load, this amount of temperature error is 

negligible. The trend of the exhaust gas flow rate stayed very consistent with 

temperature and electrical load. The temperature and the magnitude of the electrical 

load are plotted in Fig. 5.4.1.
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Figure 5.4.1: Exhaust system temperature

5.4.1 Correction of the Exhaust Flow Rate Values

As can be seen in Figure 5.4.1, the temperature closely follows the load. 

However, the analog output form the Kurz meter corresponding to the mass flux 

needs to be manipulated to produce the exhaust mass flow. This can be done by 

utilizing conservation of mass. In particular, the mass flow rate of the exhaust gas 

exiting the combustion chamber of the diesel engine must be equal to that of the fuel 

plus air entering the combustion chamber.

Conveniently for this project, the Energy Center group had installed a flow 

meter that measured the flow rate of air through the air intake system. The flow rate 

of fuel into the combustion chamber was also monitored by sensors that were part of 

the Energy Center system. The summation of these two flow rates was used to 

provide the basis for scaling the output signal from the Kurz meter. Using this
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technique the correction equation shown in Eq. 5.1 can be calculated. There is more 

information regarding the derivation of Eq. 5.1 attached in Appendix A.

CorrectedFlowrate =0.22* (MeasuredFlo +701.7 (Eq. 5.1)

The data collected by the Kurz meter was then processed according to Eq. 5.1. 

To verify the accuracy of the correction factors, the processed Kurz flow rate data 

were again compared to several predicted (according to the method in Appendix A) 

flow rate values. The results of the comparisons are displayed in Table 5.4.2.

Table 5.4.2: Calibration factors applied to Kurz meter data

Load Avg. kW
Varying 
(kW) '

Predicted Flow 
Rates (lb/hr)

Kurz Meter (lb/hr) 
(uncorrected)

Kurz Meter (lb/hr) 
(corrected)

% Difference 
(Predicted and 
Kurz Corrected)

Constant 30.8 1001.7 1399.8 1001.7 0.0
88.9 1405.9 3187.8 1471.2 4.6

Varying 88.7 65-130 1553.0 3415.7 1498.2 -3.5
66.7 0-135 1342.4 2867.4 1347.7 0.4

After the correction factors were applied to the exhaust flow data, the actual 

and predicted values correlated to within +/- 5%. The data from Figure 5.4.1 is 

plotted again in Figure 5.4.2 with the correction equation applied.

It was found that one could manipulate the analog output from the Kurz to 

give a good fit between the exhaust gas flow rate and the mA output from the Kurz 

meter. This relationship is given in Eq. 5.2.

CorrectedFlowrate = 83.4*( mA_Output) + 368.1 (Eq. 5.2)

The corrected flow rate data is plotted over a 24 hour time period in Figure

5.4.2.
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Exhaust Flow Rate

Figure 5.4.2: Correction of exhaust flow rate values

5.5 Operation of the Coolant Flow Meters

The overall operation of each of the coolant flow meters on the EC diesel 

generator proved to be reliable under given circumstances. However, there were a 

number of contingencies that affected the reliability and stability of the coolant flow 

data. This was especially the case for the ultrasonic flow meter.

Initially, only the turbine and ultrasonic style flow meters were used to 

measure the flow rate of coolant. Approximately six weeks into the project, the 

turbine meter was uninstalled and replaced with the magnetic flow meter The 

performance of the magnetic flow meter was found to be much more reliable than the 

alternatives and the data it produced was used for the tests described in the next 

chapter.

Figure 5.5.1 shows the operation of the ultrasonic flow meter and the 

magnetic flow meter simultaneously monitoring the flow of coolant. The electric load 

on the generator is also shown for reference purposes.
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Figure 5.5.1: Magnetic and ultrasonic flow meter comparison

The ultrasonic flow meter, on average, produced flow rates that were 

approximately 2.0 to 2.5 GPM lower than that of the magnetic flow meter. The 

difference seemed to be a consistent offset rather than a ratio dependent upon the flow 

rate. There is a more detailed analysis of the performance of each of the three flow 

meters in Section 6.3.

5.6 Operation of the Pressure Transducer and Ultrasonic Level Sensor

5.6.1 Comparison of Collected Data

The trends of the pressure transducer and ultrasonic level sensor outputs 

matched closely as the exact time when the fuel transfer took place could easily be 

seen. However, there were some discrepancies in the volumetric readings. The fuel 

volumes recorded by the pressure transducer and ultrasonic level sensor for six hours 

on the afternoon of October 19, 2004, are shown in Figure 5.6.1.
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Figure 5.6.1: Tank volumes monitored by pressure transducer and level sensor

Close analysis of the spreadsheet data from the above plots shows that the day 

tank gained 157.1 gallons of fuel, while the bulk tank lost only 125.6 gallons of fuel. 

The actual amount of fuel transferred was manually recorded to be 168.0 gallons. 

This gave an error in the pressure transducer volumes of 6.5% and an error in the 

ultrasonic level sensor volumes of 25.2%.

5.6.2 Comments on the Operation of the Pressure Transducer

The actual amount of fuel pumped into the day tank was compared to the 

pressure transducer readings on three additional tests. In each test, the volume transfer 

value given pressure transducer data consistently remained between 5.5% and 8.0% 

below the actual value.

Given the large amount of fluctuation of the current signal of the pressure 

transducer, instantaneous values are of minimal accuracy and reliability. The primary 

usefulness of the pressure transducer was to monitor the fuel consumption over a
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several hour time period. This fuel consumption rate corresponds to the downward 

slope of the volumetric data plotted over time. An example is shown in Figure 5.6.2.

Fuel Volume of Day Tank

3 4 5
Time (hrs)

Figure 5.6.2: Using pressure transducer data to find fuel consumption rate

The data in Figure 5.6.2 was collected while the generator was operating 

under a constant electrical load of 67 kW. The downward trend of the pressure 

transducer output changed as the generator underwent a radical increase or decrease 

in the electrical load. This phenomenon is graphically shown in Figure 5.6.3.
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Figure 5.6.3: Changing fuel consumption rate

The electrical load on the generator increased from 67 kW to 137 kW almost 

instantaneously slightly after one hour into the test. The increase in the downward 

slope can clearly be seen in the output of the pressure transducer. The slopes of these 

two different segments of data indicate that the fuel consumption rate was 5.7 gal/hr 

for the 67 kW load and increased to 10.8 gal/hr for the 137 kW load. This data yields 

fuel efficiency values of 11.7 and 12.7 kWh/gal respectively.

5.6.3 Comments on the Operation of the Ultrasonic Level Sensor

There were two methods used to verify the reliability and accuracy of the data 

collected by the ultrasonic level sensor. The first method was to compare the volume 

drop in the bulk tank with volume gain in the day tank as was done in Section 5.6.1. 

The second method was to use the ultrasonic level sensor to calculate the total volume 

of fuel in the bulk tank and then compare this value to an external dial gauge on the 

top of the tank.

A manual observation of the dial gauge indicated that there was 13.8 inches of 

fuel in the tank equating to approximately 865 gallons. On the same day the
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ultrasonic level sensor indicated that there was 487 gallons (approximately 9.3 

inches) of fuel. This equates to the ultrasonic level sensor having an error of 

approximately 4.5 inches. The amount the ultrasonic level sensor volume value 

differed from the actual was somewhat of a surprise since the device had performed 

well in the initial configuration tests. The specifications of the ultrasonic level senor 

(see Appendix E) state that the accuracy of the device is 0.25% of the measured 

distance. In this application, the ultrasonic level sensor is typically measuring a 

distance of 3 feet to 6 feet resulting in an error of approximately XA of an inch. This 

distance equates to approximately 20 gallons when applied to the bulk storage tank.

During the initial calibration tests described in Chapter 4, the ultrasonic level 

sensor error was close to what was stated by the specifications. The reason this was 

not true when applied to the bulk tank could possibly have been due to the large 

physical distance between the ultrasonic level sensor and NEXUS RTU. Before being 

processed by the NEXUS RTU, the current signal had to travel over 100 feet through 

a wire after leaving the ultrasonic level sensor. While there would not have been a 

current drop during this transmission, the voltage level of the signal was prone to 

large amounts of interference and distortion. This distortion can clearly be seen in the 

noisy appearance of the ultrasonic level sensor data in Figure 5.6.1. The noise in this 

signal could have caused problems when the signal was processed in the NEXUS.

5.7 Operation of the Thermocouple Temperature Sensors
The thermocouple and signal conditioning systems that were used to record 

the temperature of four different items on the generator were the most reliable 

components of the monitoring system. The temperature values that were returned 

contained very little unwanted noise and the trends of the temperature variations were 

always very consistent with that of the electrical load on the generator.

The temperature difference between the supply and return coolant was one of 

the more important pieces of information collected by the monitoring system. As has 

been described previously, this information is necessary to find the rate at which heat
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is rejected from the coolant to the radiator. The temperatures of the supply and return 

coolant are plotted in Figure 5.7.1. The electrical load and difference between the 

temperatures are also plotted for reference purposes.

Coolant Temperature Comparison 
17-0ct-2004 00:00 to 18-0ct-2004 00:00

tr 100

50

Coolant Temperature Difference

04:48 09:36 14:24 19:12 00:00

Figure 5.7.1: Coolant system temperatures

At first glance the input temperature data seem to be contaminated with a 

large amount of noise. However, further tests reveal that when the generator was 

turned off this signal is free of disturbances. This knowledge indicates that the input 

coolant temperature may be affected by the location of the thermocouple due to hot 

engine components.

The thermocouple measuring the input temperature is located at the junction 

of the input coolant line and the engine. Evidence throughout the course of this 

project has indicated that this is a poor location for a thermocouple. When the flow 

rate of the coolant is low or zero, heat from the engine propagates into the coolant
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line and increases the temperature at the location of the thermocouple. Consequently, 

the measured temperature of the coolant will be artificially high and the temperature 

difference between the input and output coolant (that is important for the output 

energy calculations performed in Chapter 6) will be artificially low. Due to this 

unwanted influence of engine heat, the temperature differential between the supply 

and return coolant may even be negative when the engine is turned off. This is shown 

in Figure 5.7.2.

Temperature Differential of Supply and Return Coolant 
29-Oct-200410:00 to 18:00

Figure 5.7.2: Location considerations of thermocouples

The engine was shut down approximately 1 hour prior to the start of the data 

displayed in Figure 5.7.2 and remained off for the entire 6-hour time span of the plot. 

As can be seen, the propagating engine heat caused the supply coolant to be far 

warmer than the output coolant for a long time period. As the temperature in the 

generator enclosure was decreasing due to the lack of a heat source, the input coolant 

temperature also decreased very slowly as the engine heat dissipated. Though it
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would have been advisable, the thermocouple location was not able to be altered due 

to a lack of time.

There were two more thermocouple systems utilized in this project. One 

thermocouple was used to record temperature values at the surface of the engine 

block and the other was located near the input to the air intake system. A plot of these 

two temperature values is shown in Figure 5.7.3.

Engine Block and Air Intake Temperatures 
17-0ct-2004 00:00 to 18-0ct-2004 00:00

Figure 5.7.3: Additional thermocouple measurements

As with the return coolant line temperature thermocouple, the positioning of 

the thermocouple is pivotal to collect good data for the parameters plotted in Figure

5.7.2. The thermocouple measuring the air intake temperature is located very near the 

metal wall and ceiling of the generator enclosure. This is likely a good location to 

receive warm air rising from the engine, consequently the temperature plotted above 

is much higher than the average temperature of the inlet air. In addition, the engine 

block temperature will fluctuate greatly for different locations on the block. To get an
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acceptable engine block temperature, several thermocouples would need to be placed 

on the engine block and their results averaged.

5.8 Problems with the EESiFlo S-Series Fuel Flow Meters

As was described in the preceding chapter, the EESiFlo S-Series meter 

performed reasonably when used in a lab setting to measure water flow. However, 

this was not the case when they were installed on the diesel generator to measure fuel 

flow rates. The majority of the time, the meters generated random 4 to 20 mA data 

points. There were situations when the flow meters (primarily the return flow meter) 

would briefly yield stable values. However, for each instance the flow meters 

produced stable data, a considerable amount of time would have to be spent adjusting 

the gain settings and tightness of the clamp-on sensors. One such situation is shown 

in Figure 5.8.1.

Operation of Supply and Return Fuel Flow Meters

Figure 5.8.1: Problems with EESiFlo S-Series flow meters

For around 1.0 to 1.5 hours both flow meters produced stable flow rate values. 

The return flow subtracted from the supply flow gave a flow rate value of 

approximately 11 gallons/hour. The values were not checked for accuracy, but this is 

definitely a believable flow rate based on prior knowledge of the engine fuel
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consumption. After a brief period of time, however, both of the flow meters resumed 

their operation generating random output.

Although it cannot be known for sure what is causing the flow meters to 

malfunction, it is likely that mechanical vibrations, the turbulent flow of the fuel, and 

the transmitted signals ability to travel in the fuel may each be partially responsible. 

These three parameters are all entities that were induced when the flow meters were 

moved from the lab and installed on the Energy Center generator.

Laboratory tests with water documented that the flow meters would produce 

unstable values when the flow rate of water was quickly changed resulting in an 

increase in turbulence. Likewise, in the brief instances where the meters would be 

producing somewhat stable results while installed on the Energy Center generator, a 

sudden change in the electrical load on the generator (and therefore the flow of fuel 

through the fuel lines) would cause the flow rate values to fluctuate wildly. However, 

in the water tests, the meters would quickly return to their stable state of operation.

It is difficult to quantify the effect that the mechanical vibrations had on the 

performance of the flow meters. As was described in Chapter 4, the tightness of the 

clamp-on sensors was very instrumental for the flow meters to operate properly. It is 

possible that the mechanical vibrations affected the tightness of the clamp-on sensors 

while the generator was running.

The final parameter that may have led to the inability of the flow meters to 

produce useful data was the state of the medium flowing through the pipes. The water 

flow measured in the lab may have had fewer unwanted entities such as air pockets 

and turbulence than the diesel fuel.

Each of the three reasons that have been mentioned in this section as a 

possible cause of the flow meter malfunction are all speculation based. The words 

“may” and “possibly” are overused. It is highly likely that the EESiFlo meter 

problems were at least partly due to all three of these parameters. However, it is very 

difficult to isolate which parameter is the most responsible.
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5.9 Project Status
At this point, the monitoring system has been configured, tested, and installed 

in an applicable location on the Energy Center diesel generator. The necessary 

sensors have been configured to measure the fuel energy input to the diesel generator 

and the various forms of energy output (heated coolant, exhaust gas, and electric 

power). The monitoring system is ready to perform specific tests examining possible 

ways to improve the efficiency of the generator.

The most important items that are lacking from the monitoring system are 

sensors to measure the intake air parameters as well as the instantaneous input fuel 

flow rate. For calculations performed in the next chapter, several sensors installed by 

the Energy Center were used to compensate for these deficiencies.
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CHAPTER 6

Efficiency Improvements Identified Through Enhanced Monitoring

6.1 Background
After the monitoring system had been fully implemented and tested on the 

Energy Center diesel generator, specific tests were performed to evaluate 

improvements that could be made to the generator if it were actually supplying power 

to an isolated grid. The results of these tests are summarized in this chapter with an 

emphasis placed on how the efficiency improvements are brought about through 

enhanced knowledge of the generator due to the installation of the monitoring system.

The primary tests involved programming a 24 hour load profile similar to an 

actual village into the Energy Center generator load bank. After the test had been 

completed, the data were analyzed to calculate the total energy leaving the generator 

in the form of air cooling, heated coolant, exhaust gas, radiant and convective heat 

transfer from the engine block, and electric power. Knowing the amount of energy 

escaping from the generator in the form of heated coolant is especially useful as it 

allows designers to determine if it would be economically feasible to implement a 

waste heat recovery system as opposed to dissipating the heat with a radiator.

Another test involved monitoring the fuel efficiency of the generator at 

several different loads and deriving an efficiency curve. The results of this test 

demonstrate how the monitoring system can provide the system operator with 

sufficient knowledge to develop a control scheme to operate the generator at a load 

that results in optimal fuel efficiency.

Though it was not originally one of the primary goals of the project, a vast 

amount of knowledge was gained about the operation of three coolant flow meters. 

Each meter had different operating principles and the reliability of each meter was 

influenced by several factors. A comparison of each meter is presented in this chapter 

and conclusions are made as to the benefits and disadvantages of each meter.
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Brief tests were also completed that monitored the effect of power factor on 

fuel consumption. Using the load bank controls to increase the power factor is an 

excellent simulation of capacitors being added to the generator. These tests allow for 

the fuel savings brought about by adding capacitors to be realized.

Finally, examples are presented in which the monitoring system is 

instrumental in locating mechanical problems with the engine or generator. Some 

problems are minor and can only be located through analyzing large amounts of 

historic data that has been collected and stored by the RTU. For serious problems, the 

NEXUS RTU is able to create an event log or notify system operators immediately. 

This process is also discussed in this chapter.

6.2 Generator Fuel Efficiency
It is important to know the fuel efficiency of a diesel generator for three 

reasons. First, a sudden decline in the efficiency usually indicates mechanical 

problems with the generator. Second, it is important to know the optimal loading to 

operate the generator in multi-generator control schemes. Finally, poor fuel efficiency 

could be an indication of a generator -  load sizing issue that needs to be addressed.

The Energy Center generator made an ideal test platform for monitoring the 

fuel efficiency, as it could be operated for a long period of time at a constant load. 

During this time, the fuel consumption and the electrical output data were recorded by 

the appropriate sensors and the NEXUS RTU. A kWh/gallon ratio was then 

calculated. A more detailed description of the fuel efficiency calculation process is 

given in Appendix B.

The fuel use efficiency was calculated for seven different loads on the 

generator and the results are plotted in Figure 6.2.1.
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Generator Fuel Efficiency

Electrical Load on Generator (kW)

Figure 6.2.1: Fuel efficiency of Energy Center diesel generator

Indicative of other generators of this size, the efficiency is poor at low 

electrical loads and improves as the load increases. When the electrical load surpasses 

the 80 -  90 kW range, the fuel efficiency curve flattens and the efficiency stays nearly 

constant as the load increases. The data indicates a slight decrease in efficiency as the 

load approached 130 kW, just over the maximum rated load capability of the 

generator. However, this is difficult to verify given the amount of error involved with 

the measurement equipment.

6.2.1 Comparison of Energy Center Generator Efficiency with Similar Units

This fuel efficiency curve exhibited a trend very similar to AVEC data for 

generators using the Detroit Diesel Series 60 (a six-cylinder model of the Series 50 

being used in this project) as its prime mover. According to the AVEC data, the 

Series 60 can achieve a fuel efficiency rating of nearly 14.5 kWh/gal. This is slightly 

1 kWh/gal over the maximum fuel efficiency obtained by the Energy Center
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generator. However, it should be noted that this generator was operating on the 

synthetic diesel fuel with lower energy content during the tests. The AVEC data 

shows that the Series 60 achieves its maximum fuel efficiency when the load is 60% 

or above compared to the rated capacity of the generator. There is a possible slight 

decrease in fuel efficiency when the generator reaches 100% of full load. It is 

unfortunate that values slightly over 100% of full load were not plotted for the AVEC 

generator. A plot of fuel efficiency vs. percentage loading for the Energy Center 

generator Series 50 system can be seen in Figure 6.2.2. The AVEC data for a Series 

60 system operating in an undisclosed location is plotted in the same figure.

Judging from Figure 6.2.2, the Energy Center Series 50 has a better “relative” 

fuel economy while operating at lower loads. According to the research performed in 

this project, the Series 50 Energy Center generator attained its near maximum fuel 

efficiency level when the electrical load was approximately 50% to 55 % of its full 

load value.

Fuel Economy and Load Comparison

Figure 6.2.2: Relative fuel economies compared to load
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With access to the above data, personnel designing a control scheme for a 

system with multiple generators could conserve fuel by restricting the operation of a 

Series 50 generator when it was less than 55% to 60% loaded.

6.3 Effect of Diesel Fuel Heating Value on Generator Efficiency
The synthetic diesel fuel that was primarily used in this project had a heating 

value of 121,500 BTU/gal, approximately 5% less than that of conventional No. 1 

diesel fuel with a heating value of 128,000 BTU/gal [19]. This lower heating value 

obviously reflected in the efficiency of the generator, as more gallons of fuel would 

be required to perform the same amount of work. The lower heating value of the 

synthetic diesel fuel may have been partially responsible for the lower fuel efficiency 

achieved with this generator as compared to other units of similar models operating 

on conventional diesel fuel.

Primarily for emissions testing, the Energy Center group operated the 

generator on conventional No. 1 diesel fuel for several hours on November 8, 2004. 

When the diesel fuel was consumed, the engine continued to operate on the synthetic 

diesel fuel. The generator operating on two different fuels in a short time period made 

a convenient test platform to use the monitoring system to investigate how the heating 

value of the fuel affected the amount of energy flowing into and out of the generator.

In Table 6.3.1, the fuel consumption data for the Energy Center diesel 

generator operating on the synthetic and conventional strains of diesel fuel are 

compared. The generator was operating at 130 kW in both tests.

Table 6.3.1: Generator operating on diesel fuel with different heating values
Synthetic Diesel Fuel No. 1 Diesel Fuel

Fuel Heating Value (BTU/gal) 121,500 128,000
Fuel Efficiency (kWh/gal): 13.2 14.6
Average Fuel Consumption (gal/hr): 9.9 8.9

The test results clearly indicate that the performance of the generator was far 

superior when it operated on the diesel fuel with the higher heating value. The fuel
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efficiency improved by 1.4 kWh/gallon (a 10.6% increase) and the hourly fuel 

consumption decreased by over 10%.

The higher heating value of the conventional fuel also increased the amount of 

energy leaving the generator in the coolant. Table 6.3.2 is a comparison of the coolant 

output energy for synthetic and conventional diesel fuels.

Table 6.3.2: Coolant energy output for fuels with different heating values
Synthetic Diesel Fuel No. 1 Diesel Fuel

Fuel Heating Value (BTU/gal) 121,500 128,000
Average coolant Flow Rate (gal/min) 7.8 8.6
Average Energy Output (BTU/hr) 133,000 148,000

The superior heating value of the No. 1 diesel obviously caused more engine 

block heat to be generated and the flow of coolant through the engine was increased. 

The most important statistic in Table 6.3.2 is the coolant output energy which is 

11.3% (15,000 BTU/hr) greater for the conventional fuel than for the synthetic. This 

energy increase equates to 360,000 BTUs (using Eq. 2.1) over the course of a day 

which is equivalent in energy content to 2.6 gallons of fuel leaving the generator. A 

conventional No. 1 diesel fuel heating value of 128,000 BTU/gallon was used in these 

calculations.

It is by no means a surprise that the fuel efficiency and heat output of the 

generator both increased proportional to the BTU content of the fuel. It did not take a 

sophisticated monitoring system to predict that this would happen. However, the 

monitoring system was instrumental in determining the magnitude of the increase of 

both of these parameters which is beneficial to know for the following reason. As was 

described in Chapter 1, several rural Alaskan communities are forced to revert to No. 

1 diesel as opposed to No. 2 diesel despite the fact that No. 1 diesel has a lower 

heating value and greater cost per gallon. The only advantage of No. 1 diesel is that it 

tends to “gel” at a much lower temperature than does No. 2 diesel. Subjecting the fuel 

storage tank to a constant heat source in the winter may enable No. 2 diesel to be used 

throughout the year. Given the large size of the fuel storage tanks in rural
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communities, heating the fuel for the entire winter would require a large amount of 

energy.

If the monitoring system was implemented in a community that was 

considering the procedure described above, it would be possible to use the monitoring 

system to gauge the efficiency of the generator operating on No.l diesel over the 

course of a winter and compare it to its performance on No. 2 diesel. An informed 

decision could then be made as to whether the efficiency improvements would justify 

the expense of keeping a fuel tank heated throughout the winter.

6.4 Performance Analysis of the Coolant Flow Meters
Throughout the course of this project sufficient data were obtained to evaluate 

the performance of the three varieties of flow meters under different circumstances 

and then make conclusions as to which meter should be used for future projects. 

Each of the three meters displayed different characteristics when being used to 

measure coolant flow at varying conditions. The varying conditions included the 

coolant being at different temperatures, the level of the coolant being low causing air 

bubbles or pockets to flow through the pipe, and the velocity of coolant flow being 

extremely low.

When the turbine flow meter and the ultrasonic flow meter were initially 

installed, the turbine meter yielded reliable data while the ultrasonic meter was not 

able to produce readings after the coolant surpassed a certain temperature and flow 

rate. The cut-off temperature and flow rate were approximately 190 °F and 25 

gallons/minute, respectively. There was a short transition period where the ultrasonic 

flow meter emitted data that were very erratic and randomly fluctuated between 4mA 

and 20mA. When the flow rate was less than 25 gallons/minute, the ultrasonic flow 

meter produced reliable data. The conditions under which the ultrasonic meter could 

not operate can clearly be seen in Figure 6.4.1.
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Figure 6.4.1: Operation of the ultrasonic flow meter at high flow rates

It was not known at the time the data in Figure 6.4.1 was collected, but the 

level of the coolant in the system was slightly low (the exact amount is unknown). As 

a result the turbulence in the pipe at high flow rates would cause a significant amount 

of aeration. This caused a distortion in the ultrasonic signals that were transmitted by 

the upstream sensor of the flow meter to such an extent that the signals could not be 

received by the downstream sensor.

Even with the coolant level slightly low, the turbine meter continued to 

produce consistent data. During this time period, however, the flow of coolant was 

typically 20 gallons/minute or greater whenever the generator was operating under 

load. However, two events caused this flow rate to sharply decrease a short time after 

the data in Figure 6.4.1 was collected. The first event was a rapid decrease in the 

outside air temperature as usually happens in Fairbanks in the middle of October. 

When the outside air temperature is low, the coolant flowing through the radiator can 

be cooled more effectively the outside air than if the ambient temperature is higher. 

This allows the same amount of heat transfer to take place at a lower coolant flow 

rate. The thermostat senses this and will only open slightly to restrict the coolant 

flow. The second event was the radiator being cleaned. There had been a large
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amount of residue built up in the radiator throughout the summer of 2004. This 

residue in the radiator understandably caused an insulating effect and the coolant was 

not able to be cooled as effectively by the ambient air. The temperature of the input 

(return) coolant to the engine would consequently be very high and the thermostat 

would alleviate this problem by increasing the flow of coolant.

Both of these events, the drop in ambient air temperature and radiator 

cleaning, took place at nearly the same time and both contributed to a decline in the 

flow of coolant through the engine. At this point, the performance of the ultrasonic 

flow meter became inferior to its previous performance and the turbine meter began 

to operate unreliably as well. A 24-hour profile of the operation of both of the flow 

meters on October 17, 2004, is shown in Figure 6.4.2.

Flow Meter Comparison 
17-0ct-2004 00:00 to 18-0ct-2004 00:00

Figure 6.4.2: Unreliable operation of the turbine and ultrasonic flow meters

The data shown in Figure 6.4.2 are very interesting as the turbine meter 

functioned reliably at flow rates between 10 and 20 gallons/minute and unreliably at 

flow rates below this level. This is despite the fact that it had operated sufficiently at
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flow rates below 5 gallons/minute on previous occasions. The opposite was true for 

the ultrasonic flow meter as it performed better at low flow rates. The turbulence and 

aeration brought about by the high flow rates and partially empty pipe apparently 

provided the necessary stimulant to spin the wheel on the turbine meter, but also 

distorted the ultrasonic signal traveling through the pipe to such an extent that useful 

data could not be obtained.

At this point the low coolant level situation still had yet to be discovered. At 

the time, the unreliable performance of the turbine meter seemed to indicate a 

mechanical problem with the meter so it was removed and replaced with the magnetic 

flow meter. It was during the installation of the magnetic flow meter that the low 

coolant problem was discovered and corrected. It was found that the cooling system 

was low by approximately 1 gallon. Based on the engine specifications, the entire 

cooling system will contain approximately 5 to 6 gallons of coolant.

In order to produce a fair comparison of the performance of the magnetic flow 

meter to that of the ultrasonic and turbine meters, approximately one gallon of fluid 

was intentionally drained out of the coolant system at a later date and the generator 

was operated under the identical load profde to what is shown in Figure 6.4.2. The 

magnetic flow meter was not affected by the low coolant level.

As with the laboratory coolant flow tests described in Section 4.6, the 

performance of the magnetic flow meter was far superior to that of the turbine and 

ultrasonic meters. The main advantage it presented was the stability of its data output. 

In addition, the data had less noise and was more readable than the data from the 

turbine flow meter and especially the ultrasonic flow meter. The magnetic flow meter 

also operated over a larger spectrum of flow rates. As the radiator had been cleaned 

and the outside air temperature was consistently below 30 °F upon installation of the 

magnetic flow meter, it was difficult to critique the performance of the magnetic flow 

meter at high flow rates on the order of 35 to 45 gallons/minute. However, the data 

produced by the magnetic flow meter at flow rates of 2 to 5 gallons/minute were very 

stable. Below flow rates of 2 gallons/minute, the magnetic flow meter data constantly
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fluctuated between 0 and 2 gallons/minute. This is a relative improvement over the 

performance of the competition. The data from the ultrasonic and turbine flow meters 

began to fluctuate at flow rates below 5 gallons/minute.

6.5 Using the Monitoring System to Identify Maintenance Issues

The following section details a number of instances where the monitoring 

system can be used to identify maintenance issues with the diesel generator. A 

handful of small mechanical problem occurred with the Energy Center generator 

while the NEXUS RTU was in operation. One of these problems was documented 

through data collected by the RTU and is presented in this section. Other small 

“problems” were purposely created specifically to exemplify the usefulness of the 

NEXUS RTU in identifying them.

Many of the problems identified by the NEXUS RTU can be quite small and 

could be classified as preventative maintenance. However, if correctly configured, the 

NEXUS RTU can be instrumental in identifying potentially serious problems, logging 

them, and notifying appropriate personnel.

6.5.1 Problem 1 -  Partially Obstructed Radiator

As was mentioned in section 6.4.1, the radiator was cleaned on October 11, 

2004. During the previous summer Fairbanks had received a significant amount of 

smoke from forest fires. As a result of the smoke, the heat sinks of the radiator had 

accumulated a large amount of particles and the radiator was not dissipating heat to 

the outside air as effectively as normal. Therefore, the temperature drop across the 

radiator was not adequate and the flow of coolant was high in order to compensate. 

This situation is graphically shown in Figure 6.5.1.
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Figure 6.5.1: Effects of particle build-up in generator radiator

The generator was shut down for four to five hours while the radiator was 

cleaned. From hour 16 to hour 24 after the generator was restarted with a clean 

radiator, the temperature of the coolant flowing into the radiator was approximately 

15 °F lower than it had been previously. As can be seen in Figure 6.5.1, the 

temperature differential between the coolant entering and leaving the generator 

noticeably increased.

Cleaning the radiator is a prime example of preventative maintenance. While 

it is unlikely that this problem would have caused a complete breakdown if it had 

been left unchecked, it would still have put unneeded stress on the pumps and other 

components of the cooling system. The monitoring system was not directly used to 

locate the problem in this situation. However, an individual familiar with the 

operating features of this particular system would have likely been able to identify
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that a problem existed by viewing the data from the monitoring system prior to the 

radiator being cleaned.

6.5.2 Problem 2 -  Generator Speed Disturbance

The following section demonstrates an applicable use of the set point function 

within the NEXUS RTU. A speed disturbance was created with the generator to 

enable this demonstration.

A basic principle of electric generators is that they will produce an electric 

output with a constant frequency presuming they operate at a fixed speed. When the 

electric load on a generator is fluctuating as is common, the frequency output of the 

machine will also fluctuate. A large disturbance in the frequency of the generator 

electric output can be an indication of a serious problem, either with the generator or 

elsewhere on the distribution system.

The NEXUS RTU is configured to output frequency measurements in 20 

second time intervals in the same fashion as the input data from the sensors. A feature 

in the NEXUS RTU allows set points to be configured that will trigger an alarm 

whenever the set point is exceeded. In this situation, a set point has been configured 

that triggers a signal whenever the frequency deviates more than 0.4 Hz above or 

below its ideal value of 60 Hz.

Using the manual controls for the Energy Center generator, the speed of the 

machine was toggled to be above and below 1200 RPM for very brief periods of time. 

The corresponding frequency output of the generator is shown in Figure 6.5.2.
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Generator Speed Disturbance

Figure 6.5.2: Toggling the speed of the electric generator

The NEXUS RTU will write an entry in a log whenever one of the set points 

is surpassed. The material was copied out of the log and is shown in Table 6.4.1:

Table 6.5.1: NEXUS RTU frequency disturbance log

Start Date/Time End Date/Time Duration (S) Device
11/2/04 9:36 AM 11/2/04 9:39 AM 159.22 82632
11/2/04 9:31 AM 11/2/04 9:31 AM 3.5 82632
11/2/04 9:30 AM 11/2/04 9:31 AM 12.78 82632
11/2/04 9:26 AM 11/2/04 9:30 AM 226.59 82632

Almost any data recorder will perform this task. The advantage of the NEXUS 

RTU and similar high-tech data recorders is the wide variety of functions that can be 

carried out once a set point is violated. For example, an email message or pager alert 

can be sent at each set point crossing. An analog or digital output signal can also be

sent to activate external equipment.
The frequency disturbance demonstration shown here is just an example of 

one use of set point parameters. Set points can be configured to correspond to any of 

the analog data inputs to the NEXUS RTU. For example, a set point can be 

configured for the analog input channel monitoring the coolant input temperature. An
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alarm can be activated whenever the temperature exceeds the set point indicating a 

problem with the radiator or coolant pump.

Features such as this are an excellent example of the monitoring system being 

used as maintenance tool. Not only can minor problem be identified by 

comprehensive logging, but emergency situations can also be quickly noticed and 

appropriate action taken.

6.6 Results of Power Factor Correction Experiments
The programmable capability of the Energy Center generator load bank was 

further utilized to simulate the addition of a capacitor bank onto the generator. For the 

majority of the tests described throughout these last two chapters, a value of 0.9 was 

hardwired into the load bank control software for the power factor. The following 

section describes the results of a 12-hr village load profile test (refer to Section 6.6 for 

a description the village load profile) that was completed with the power factor 

increased from 0.9 to 1.0.

A low power factor in a power system can be a potential problem as it causes 

a portion of the electric power produced to be in unusable form, commonly referred 

to as a VA. This is undesirable as the generator still has to perform work and burn 

fuel to produce this unusable power. It is not an uncommon practice in small power 

systems to add capacitors to the load to increase the power factor and reduce the VA 

level produced by the generator. The capacitors serve to offset some or all of the 

inductance caused by motors or other devices operating in the system.

Figure 6.6.1 is the fuel consumption for two 12 hour village load profile tests 

performed on different days.
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Figure 6.6.1: Village load profile tests with different power factors

The effect that increasing the power factor had on the fuel consumption can 

clearly be observed. A power factor increase from 0.9 to 1.0 caused the overall fuel 

consumption over the 12 hour period to be reduced from 66.6 gallons to 62.5 gallons, 

a 6.1 % savings in fuel. This evidence indicates a substantial savings when 

extrapolated over several months or a year. However, projecting a 6% increase in fuel 

savings could be premature. It is very unlikely that a village load power factor would 

actually be as low as 0.9. These particular power factor values (0.9 and 1.0) were 

used for the tests because the inductive component of the load bank could only 

change in power factor increments of 0.1. The power factor could not be changed to

0.96, for example. As was discussed in Section 1.1.3 of this thesis, most rural Alaska 

village loads resemble residential areas of the continental United States with the 

majority of the loads being primarily resistive. The power factor in these types of
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communities is typically closer to 1.0 than to 0.9.The communities with power factor 

problems are those with industrial elements that operate large motors. Therefore, if 

the village has heavy industry (i.e. fish processing, logging, etc.) with electric motors 

comprising much of the load, it may be able to benefit from the addition of a 

capacitor bank. However, monitoring of the VA output of the generator first needs to 

be performed to ensure that capacitor banks can bring about a power factor increase 

and fuel savings that are adequate to offset their high capital cost. Power factor 

correction is an energy savings alternative on a system by system basis.

6.7 Village Load Profile Test
The Energy Center diesel generator proved to be a very powerful research tool 

as the load hank had the ability to be programmed to follow a given load sequence. A 

load profile was developed using software that was developed by the National 

Renewable Energy Lab and AVEC [23]. The software outputs a profile for an 

Alaskan village after the user has entered statistics about the village such as 

population, number of businesses, public utilities etc. The software inputs were 

adjusted until a load profile that fluctuated within the high and low range of the load 

bank was derived. The load simulated a village with 170 residents and no public 

water system [23]. As the load bank could only step up or down in increments of 5 

kW, the load profile had to be scaled to meet this criteria. This caused the load profile 

to have a somewhat unrealistic block appearance, but as far as the kWh produced, it 

was very comparable to the actual load profile. The load profile that was programmed 

into the load bank at the Energy Center can be seen in the kW output plots in the 

following section. Note that a 5 to 7 kW offset was added to the actual load profile 

that was derived due to the load bank cooling fans. Another element of the load 

profile that was slightly unrealistic was that the power factor was kept at a constant 

value of 0.9 throughout the test. In a real community the power factor would actually 

fluctuate by a small amount depending on components of the village load.



115

The load profile was programmed into the load bank with assistance from 

Tom Johnson of the Energy Center. The generator was then left to run this profile 

from 8:00 AM on October 24, to 8:00AM on October 25. The test went smoothly and 

there were no disruptions to report during the test.

6.7.1 Village Load Profile Test - Thermal Data
Possibly the most useful data from the village profile test was the amount of 

heat energy that was carried away from the engine in the coolant over the course of 

the test. The calculations performed to obtain this information are now outlined.

Sufficient data were recorded by the monitoring system to calculate the 

energy in the out put coolant. Using 0.81 BTU/(lb °F) for the specific heat of the 

60/40 glycol-water mixture, it was calculated that the energy output through the 

generator coolant contained 2,245,000 BTUs (658 kWh) over the course of the 24 

hour load profile (refer to Appendix C for additional information about the glycol 

properties used in the calculations). Using the heating value of Syntroleum, 121,500 

BTU/gallon [19] the lost energy in the coolant equates to 18.5 gallons of fuel per day. 

If a heat exchange system that were 80% efficient were utilized in this application, 

harnessing this wasted energy would be equivalent to saving 14.8 gallons of fuel per 

day or 5395 gallons of fuel over the course of a year. Using an estimated price for 

diesel fuel in rural Alaska, $3.00/gallon, this is equivalent to $16,185 over the course 

of a year in lost energy.

This research can prove useful to system operators that are currently using a 

Detroit Diesel Series 50 generator. As the prices of heat exchangers vary widely 

depending on the application for which the harnessed heat is used, an annual savings 

of $16,000 may or may not be worth the effort and capital cost needed to implement a 

heat recovery system. However, demonstrating the potential energy savings proves 

the usefulness of the monitoring system as a research and development tool.

Research conducted at UAF in 1989 found that implementing a heat recovery 

system on an 80 kW diesel generator saved approximately 3700 gallons of heating oil
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per year that was originally used for space heating. The estimated payback time for 

the heat recovery system was nearly 5 years [7].

6.7.2 Village Load Profile Test -  Exhaust Data
The energy leaving the generator from the exhaust gas can also be found by 

utilizing Equation 2.1. In this situation a value of 0.25 BTU / lb °F was used for the 

specific heat of diesel exhaust [24]. The fact that the specific heat value of C 0 2 is 

approximately equal to that of air at exhaust gas temperatures simplifies this 

calculation as C 02 is the largest component of the exhaust gas. The exhaust 

temperature and the generator enclosure (ambient) air temperature were compared to 

find AT. The ambient air temperature was recorded by a thermocouple that was part 

of the Energy Center DAQ system. The exhaust mass flow rate and temperature were 

monitored by the Kurz flow meter that was described in detail in Section 3.7.5.

From incorporating the collected data into Eq. 2.1, it was found that 3,280,000 

BTU (961 kWh) escaped through the exhaust over the 24 hour load profile. 

Duplicating the procedure that was completed for coolant output heat in Section 

6.6.1, this energy is equivalent to approximately 27.0 gallons of fuel per day [19]. 

However, this calculation is slightly irrelevant as it is rare for a heat exchanger to be 

utilized on the exhaust systems of diesel engines at the present time due to stack 

corrosion caused by the cooling of the exhaust gas [7]. However, this situation could 

change in the future as the use of low-sulfur diesel fuels becomes more common and 

alleviates problems with stack corrosion. The primary purpose of calculating the 

exhaust output energy is for the energy balance in the following section.

As with the other components of the monitoring system, the exhaust flow 

meter is useful for research as well as operation and maintenance. Its main research 

significance is calculating the amount of different by-products being emitted by the 

diesel exhaust over a long period of time. There is currently research being performed 

by the Energy Center to analyze the content of the diesel exhaust by proportion of 

different gases. According to this research project, the exhaust from the diesel
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generator was 8.75 % CO2 (information provided by Aseem Telang of the Energy 

Center). According to the Kurz exhaust flow meter approximately 18,079 pounds of 

total exhaust gas were emitted by the generator over this 24 hour time period. 

Incorporating these two data sets indicates that 1582 pounds of C 02 was given off by 

the generator. This approach could also be used to find output quantities of gases such

as CO, NOx, or SO2 .
As was explained in Section 1.4.3, there is currently research under way in 

Alaska to investigate the negative health effects of exhaust emissions on individuals 

living in close proximity to diesel generators [11]. Information similar to what was 

just derived would be very useful for those types of research purposes.

The Kurz exhaust flow meter can be used for O&M purposes in a number of 

straightforward ways. Unexpected behavior in the exhaust output temperature could 

be an indication that there are problems with the catalytic converter or some other 

component of the exhaust system. If analyzed over a long enough time period, 

problems with the combustion or fuel injection process may also be able to be located 

by examining the exhaust flow.

6.7.3 Use of Village Load Profile with Modeling Software
A computer model that predicts the fuel efficiency of a diesel generator was 

designed by Ashish Agrawal at UAF for his Master of Science thesis. Given a daily 

load profile, the computer model predicts the amount of fuel a diesel generation 

system consumes over the course of the profile. The output data of the model is 

calculated based on several specifications of the engine and the rated efficiency of the 

generator. The computer model was specifically designed to allow a diesel-hybrid 

system (additional forms of power generation and battery storage operating in 

conjunction with the diesel generator) to be simulated [8].

The total fuel consumption data obtained from the village load profile test was 

compared to the predicted fuel consumption of the computer model. The efficiency of 

the electric generator attached to the diesel engine was not available and had to be
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estimated at 93%, a typical efficiency for this size of generator. The model predicted 

that 163.0 gallons of fuel would be consumed over the 24 hour village load profile 

and the system would achieve a fuel efficiency of 13.0 kWh/gallon. This is 

approximately 2.4% lower than the 166.9 gallons of fuel (12.7 kW/gallon fuel 

efficiency) that was recorded by the monitoring system that is the focus of this paper. 

The Energy Center sensors recorded that 163.9 gallons of fuel were consumed, a 

difference of 0.5% from the computer model and 1.8% from the monitoring system 

results. The correlation between these three different methods of measuring and 

predicting the amount of fuel consumed was very impressive.

The modeling software was further utilized to predict how the addition of an 

active battery bank would affect the fuel efficiency of the generator. An active battery 

bank means that the batteries are constantly supplying power and are not simply 

being used for emergency backup purposes as is usually done. Using the computer 

model, a 100 kWh battery bank was added to the generator and the village load 

profile was run. The battery bank was simulated to stay between 20% and 95% of the 

way charged. The model predicted that the fuel consumption would decrease to 141.7 

gallons (efficiency 14.8 kWh/gallon), a 13.1 % reduction compared to the diesel 

generator operating independently on the synthetic diesel fuel.

Though the addition of a large battery bank may appear to be a worthwhile 

efficiency investment on the surface, these results are somewhat misleading as the 

capital cost and operating life of the batteries must be taken into consideration. In the 

computer model, the batteries charged and discharged seven times per day. The rated 

life of a typical battery bank is only 2000 cycles, meaning that batteries will fail in 

285 days [25]. Further, a 100 kWh battery bank would presently cost approximately 

$35,000 in addition to the capital cost of installation [26]. If the model’s predictions 

are accurate and 21.3 gallons of fuel can be saved in a day, this equates to 7774 

gallons over the course of a year, a savings of nearly $23,300 (using $3.00 a gallon 

for diesel fuel). These simple calculations indicate that the capital costs of battery 

utilization do not justify the potential fuel savings. This could change in the future if
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the price of fuel energy continues to increase or if there is improvements in the 

existing battery technology.

6.7.4 Village Load Profile Test - Overall Energy Balance
The energy balance, the total amount of energy leaving the system in different 

forms compared to the total amount of energy entering the system as fuel, was 

calculated for the village load profile test. The partial purpose of the energy balance 

calculations was to provide a means to verify the accuracy of the collected data. Also, 

viewing the energy balance provided a great deal of information in a concise format. 

Many of the calculations needed to complete the energy balance were already 

performed in Sections 6.7.1 and 6.7.2.

The energy lost to the aftercooler and radiant heat along with the energy 

contained in the input fuel are the only items that remain to be found to complete the 

energy balance. Calculating the input fuel energy simply involved multiplying the 

heating value of the fuel by the instantaneous flow rate of the fuel into the engine. As 

the instantaneous fuel energy input was unknown due to the EESiFlo fuel flow meters 

malfunctioning, this information was obtained through sensors incorporated into the 

Energy Center DAQ system. See Section 6.7.3 for comments regarding the accuracy 

of the Energy Center fuel flow sensors.

Another element that needed to be calculated for the energy balance was the 

output energy from the aftercooler. The monitoring system built for this thesis did not 

have thermocouples in the necessary locations to perform this task and the data for 

these calculations had to be obtained from thermocouples that were installed as part 

of the Energy Center DAQ system. The energy output of the aftercooler was 

calculated by using Eq. 2.1 using 0.23 BTU/lb °F for the specific heat of air [27].

The final element that needed to be calculated for the energy balance was the 

radiant heat emitted by the generator. This was calculated by incorporating the engine 

block heat, Tb, with the temperature of the generator enclosure, Tin. This information 

was entered into Eq. 6.1 to calculate the amount of radiant heat. The symbol a is the
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Stefan-Boltzmann constant and has a value of 5.67 x 10-8 W/(K4m2). Ab is the 

surface area of the engine-generator set.

Q = aAb[TbA - T in4] (Eq. 6.1)

Using Eq. 6.1, it was calculated that the average radiant heat emitted by the 

diesel engine was approximately 1.5 -  2.0 kW, or 2-3% of the input fuel energy. A 

value of 2.5% is used in the following energy balance calculations.

Once the remaining calculations had been completed, the energy output data 

from the aftercooler, the exhaust gas, electric generator, and coolant loop were all 

plotted and compared to the fuel input energy. The overall energy balance plot is 

shown in Figure 6.7.1.
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Figure 6.7.1: Energy output broken into individual forms
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Comparing the total output energy with the total input energy gives a means to 

verify the overall accuracy of the monitoring system as these two entities should 

ideally be equal. The comparison is shown in Figure 6.7.2.

Energy Balance Accuracy

Figure 6.7.2: Energy balance input compared to energy balance output

The accuracy of the energy balance was not perfect, but it must be taken into 

consideration that there were 11 sensors used to compile the information. Given that 

there was inaccuracy inherent with each sensor, an overall error of this magnitude 

should not be unexpected. At high electrical loads on the generator, the output energy 

exceeded the input energy by up to 30 kW (maximum 10% error) and at lower 

electrical load this situation was reversed by 35 kW (maximum 12% error). The 

output and input energies seemed to optimally correspond when the electrical load on 

the generator was 80 kW to 100 kW. It can be deduced from the energy balance that 

several of the sensors were in their optimal operating range when loads of 80 — 100 

kW were placed on the generator.
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What is of primary interest in the energy balance is how each of the output 

energy entities compares to the fuel input energy. A plot of each of the output energy 

forms as a percentage of the fuel input energy is shown in Figure 6.7.3.

Energy Output Forms Compared to Fuel Input

Figure 6.7.3: Output energy ratios of energy balance

Based on the engine specifications in Appendix E, the coolant energy output 

was lower than expected when there was low electrical load on the generator. Of 

course, the corresponding flow of coolant was also low in this situation. The lower 

than expected coolant output energy was very likely due to the problem with the 

positioning of the thermocouple on the return coolant line that was discussed in 

Section 5.7. Also, the accuracy of the flow meter was reduced at lower flow rates. 

Further, this artificially low coolant output energy is likely responsible for much of 

the error in the overall energy balance at low electrical loads on the generator which 

was graphically shown in Figure 6.7.2.

The average energy distribution over the entire 24 hour village load profile is

shown in Figure 6.7.4.
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%

Heated Coolant - 10.0%r

AfterCooler -8.2%

Figure 6.7.4: Average outputs of entire profile

The information in Figure 6.7.4 pertains to the data from the entire 24 hour 

load profile. Figure 6.7.5 is similar to Figure 6.7.4, only it represents a 15 minute 

snapshot of the generator operating under a nearly full electrical load. As was 

discussed previously, many of the sensors are more accurate in this situation.

Radiant Heat 2.5%

H e a te d  C o o ia r u  - i ^ .d v o AfterCooler -10.0%

Figure 6.7.5: Average outputs of generator operating near full load
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The entities of Figure 6.7.5 summed to 102.8%, which is more accurate than 

the 93.5% that the same entities in Figure 6.7.4 summed to. This evidence indicates 

that the monitoring system as a whole is much more accurate when the generator is

operating under a heavy electrical load.

A chart similar to Figures 6.7.4 and 6.7.5 was also constructed from the 

generator specifications that are attached in Appendix E.

Radiant Heat - 2.9%

AfterCooler -7 .6%

Figure 6.7.6: Average outputs of generator based on generator specifications

It should be noted that the average outputs displayed in Figure 6.7.6 are for 

the generator operating at full load and 1800 RPMs. Therefore, the output entities are 

not expected to correspond exactly with the preceding figures. However, comparison 

between Figures 6.7.5 and 6.7.6 show that the values of the output energies match to 

within 5-10% which gives further credibility to the energy balance obtained by the 

monitoring system.
An accurate plot of the energy balance contains a tremendous amount of 

information in a concise package pertaining to the operating parameters of the diesel 

generator. Comparing energy balance plots over several days, weeks, or even certain
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seasons of the year enables system operators to immediately see trends in the data that 

may be of interest regarding generator maintenance.

Further, designers can quickly identify measures that may call for further 

investigation. For example, an individual knowledgeable in the operation of diesel 

generators will certainly notice from Figure 6.7.3 that the energy output from the 

coolant is low relative to older generators while a high amount of energy is contained 

in the aftercooler output. This is due to the aftercooler, a device that is only used on 

fairly new generators, utilizing heat energy that would normally be distributed in the 

coolant [18]. It can be seen from this data that the heat being given off from the 

aftercooler represents another potential source of useful energy recovery.

6.8 Chapter Summary and Conclusions
The tests that were outlined in the preceding chapter provided examples of the 

monitoring system being used for maintenance purposes as well as a tool to research 

system design improvements. The tests were performed in as close to a realistic 

setting as was possible.

A generation system operator may be of the opinion that the derivation of the 

fuel efficiency curve was the most useful benefit from the preceding tests. Using the 

efficiency curve, the system operator will be able to determine procedures to 

continuously ensure that the generator is operating above the minimum load level.

From the standpoint of a rural Alaskan system designer, the tests measuring the 

BTU output in the coolant loop were likely the most useful tests that were conducted. 

This is due to the fact that many villages do not currently utilize a waste heat recovery 

system and are in need of enhanced monitoring to inform them if installing a heat 

recovery system would make economic sense.
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CHAPTER 7 

Conclusions

As was stated in Chapters 1 and 2, part of the purpose of installing the 

monitoring system on the Energy Center diesel generator was to use this system as a 

prototype for monitoring systems installed in rural Alaskan villages in the future. 

Throughout the course of this project, a number of lessons were learned as to what 

sensors worked well and which were unreliable. Several additional lessons were 

learned about the correct procedures for the installation and positioning of the 

sensors. The following sections contain a brief outline of the most important of these 

lessons that should serve as a guideline for future work on this or related projects.

7.1 Recommendations for Monitoring System Improvement

7.1.1 Measurement of Coolant Heat Output
The magnetic style flow meter proved to be superior to the ultrasonic and 

turbine style flow meters for our installation. Hence, the magnetic style flow meter 

should be the first choice for a permanent installation. However, if the monitoring 

system is only going to be installed for a relatively short period of time, such as for a 

couple of months, the ultrasonic flow meter may be a solid proposition since it is 

much easier to install than the magnetic flow meter. With the exception of the period 

when the coolant level was low, the data read by the ultrasonic flow meter was very 

comparable, albeit very noisy, to that of the magnetic flow meter. For a larger 

generation system with consistently high coolant flow, the inconsistent nature of the 

ultrasonic flow meter at low flow rates would likely not be a relevant issue. As the 

turbine flow meter requires the same amount of time and effort to install as the 

magnetic flow meter, it would be a wiser alternative to spend the extra money to 

purchase the magnetic flow meter to ensure that the data is reliable as the turbine flow 

meter had problems when the coolant flow rate was less than 5 gal/min and when the
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coolant level was low. As the turbine flow meter was sized to deal with flow rates 

from 2 to 150 gal/min and had a 1.5% of full scale error, it should have functioned 

with flow rates above 3.5 gal/min with possible error at the low end.

Regardless of the type of meter selected, the coolant flow meter should be 

placed on the return coolant line if physically possible. The flow on the return line 

will be much less turbulent than for the supply line.

The thermocouple on the input coolant line should be placed away from the 

engine block so it is not influenced by engine heat. Positioning the input coolant 

thermocouple close to the engine block proved to be a setback for this particular 

project.

7.1.2 Measurement of Exhaust Flow Output
As was stated in Chapter 2, the flow rate of the input air and output exhaust 

differ by only the fuel flow rate. Therefore, if the fuel flow rate is known and only 

one of these entities needs to be measured; convenience of installation should be the 

deciding factor as to which. Due to the physical setup of the Energy Center diesel 

generator, measuring the intake air flow with an in-line style meter (as was done for 

the Energy Center DAQ system) appears to be a better proposition than using the

Kurz exhaust meter.

The installation of the insertion probe for the Kurz exhaust meter was much 

more difficult than expected. The installation of a sensor on the air intake appears to 

be much simpler as the piping can be dismantled and reconfigured much easier than 

the exhaust system.

7.1.3 Measurement of Fuel Consumption
The pressure transducer was the best means found in this project to measure 

the fuel consumption of the generator. The capital cost of the device was relatively 

low, little time was involved in the installation process, and, most importantly, it 

produced reliable data. If one of these devices is used for a project in the future,
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however, knowledge should first be gained regarding the size of the tank it will be 

used with. If this is not possible, a pressure transducer that is field scalable would be 

advisable. In this project, for example, the fuel tank that the pressure transducer was 

used in turned out to be much smaller than the application for which it was originally 

intended. Therefore, the pressure transducer data was subjected to a great deal of 

noise, although methods were devised to alleviate this problem.

The ultrasonic level detector (rangefinder) was of minimal use in this project 

and may not be worth the time and effort required to install it in future projects. When 

installed in the field application, its accuracy proved to be too low to get a good 

reading of the tank volume and its signal was somehow contaminated with noise. If it 

could have been installed on a tank that was continuously supplying fuel, the device 

may have proved to be more useful. However, the space requirements of the device 

make the prospect of installing the ultrasonic level detector on a smaller tank (such as 

the day tank for the Energy Center generator) very difficult.

This project found that the measurement of the instantaneous fuel 

consumption to be very difficult. Although the ultrasonic fuel flow meter performed 

reasonably in the lab measuring water flow, the attempt to use ultrasonic flow meters 

on the Energy Center diesel generator was a failure. As the project did not install any 

other types of flow meters on the fuel lines, there is not much information available 

regarding the advisable types of flow meters to use.

7.1.4 Comments Regarding RTU
The NEXUS RTU performed sufficiently in this project, but a user 

programmable type of PLC may have served the project better. This is primarily true 

for the processing of data from the sensors. The fact that the NEXUS RTU was 

designed for power utilities and not specifically for instrumentation purposes was a 

setback in a number of aspects. The main disadvantage of the NEXUS being that it 

was not equipped to accommodate a wide variety of data input types, its inability to 

process the pulse inputs from the turbine flow meter being the main example. Most
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programmable PLCs will also have built in inputs for thermocouples. With the 

NEXUS RTU, however, a great deal of time and money had to be spent on signal 

conditioners to convert all inputs to 4-20 mA signals.

If, in the future, a power quality aspect is added to this project, then the 

NEXUS RTU may be a solid proposition due to its power quality analysis 

capabilities. However, if the project continues on its present course and only involves 

the material discussed in this thesis, then a user programmable PLC that is designed 

for instrumentation purposes would be a superior alternative. This is mainly due to 

the fact that the software can be modified as the needs of the project change. In 

addition, the data processing and analysis can be done on board the PLC as opposed 

to exporting the data to an external PC and using MATLAB to process the data.

7.2 Benefits of Enhanced Monitoring -  A Summary
This thesis project proved that an in-depth monitoring system installed on a 

diesel generator could be used to examine a number of different avenues to improve 

the generator’s operating efficiency. Generation system designers can use the data 

from the monitoring system to recommend additions and improvements to obtain as 

much useful output energy as possible from each gallon of input fuel. Using the data 

from the monitoring system for the EC diesel generator, the potential fuel savings 

obtained by installing VAR correction equipment, operating the generator on a fuel 

with higher energy content, or retrofitting the generator with a heat recovery system 

were all realized. The monitoring system also identified a potentially serious problem 

with the obstructed radiator. System operators could have used this information from 

the monitoring system to detect this mechanical problem before a breakdown 

occurred.
The fact that implementing the measures described above will save fuel is 

commonly known. However, an enhanced monitoring system such as the one 

configured here gives designers and researchers ample information to determine 

much fuel is actually being saved. If the generator and monitoring system that were
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used in this project were actually installed in a rural community, individuals 

responsible for its efficient operation would now be able to make educated decisions 

as to the economic potential and payback time of several important system additions 

and improvements.
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Appendix A

Derivation of the Exhaust Flow Correction Factors

The background information for this Appendix is outlined in Section 5.4.

The majority of the work involved converting the units from the Energy 

Center DAQ system sensors to pounds per hour values. The average differential 

pressure from the sensor monitoring the air intake was multiplied by 24 to convert to 

a mass flow value. The 24 is simply a conversion factor inherent with the sensor. This 

process is shown in Table A.I.

Table A.1: Comparison of air flow data to a mass flow rate

Avq. Differential Pressure Air Flow Rate (lb/hr) Fuel Flow (L/h) Fuel Flow (Ibs/h) Total Flow (lb/hr)

131 3.4 1879.2 37.4 63.3 1942.4

98 2.8 1537.7 28.1 47.5 1585.2

20 1.7 972.6 7.5 12.7 985.4

35 1.8 1001.3 10.6 17.9 1019.2

66 2.2 1222.4 19.1 32.4 1254.8

83 2.6 1425.9 23.9 40.4 1466.3

71 2.3 1297.7 23.6 39.9 1337.6

The fuel flow values were taken in liters per hour, and were then multiplied by

3.8 to convert to pound per hour. Once the units of air flow and fuel flow were both in 

pounds per hour they were simply added together to derive the mass flow into the 

combustion chamber of the diesel engine. The calculated (or “predicted”) exhaust 

flow values are compared to the Kurz meter values in Table A.2.

Table A.2: Comparison of Kurz meter and actual flow rates

Load (kW)
Calculated Flow 

Rates (lbs/hr)
Kurz Output 
Siqnal (mA)

Kurz Flow Rates 
(lbs/hr)

Difference Ratio

0 920 7.83 1436 1.56
20.1 985 7.62 1359 1.38
35.5 1019 8.02 1507 1.48
71.3 1337 10.48 2430 1.82
83.0 1466 12.31 3116 2.13
98.0 1585 14.11 3791 2.39
131.3 1942 19.71 5892 3.03
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Plotting the data from Table A.2 in Excel enables the trend line feature to be 

used to find a conversion factor between the Kurz meter data and the predicted data. 

The plot and trend line are shown in Figure A.I.

1000 2000 3000  4000 5000  6000

K u rz F low  R ate (lb/hr)

Figure A.1: Derivation of exhaust flow correction factor

To simplify the conversion process, the mA output of the Kurz meter (shown 

in Table A.2) can be converted directly into the corrected flow rate values. The plot 

and trend line of this relationship is shown in Figure A.2.

Actual flow  rate to  m A re la tionsh ip

m A o up tu t o f K u rz  m eter

Figure A.2: Derivation of exhaust flow correction factor for Kurz mA output
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Appendix B 

Calculation of Generator Fuel Efficiency

The pressure transducer measurements of the volume of fuel in the day tank 

are very noisy as an instantaneous measurement of the fuel volume has an error 

margin of nearly +/- 15 gallons. However, the downward trend of the data (the fuel 

consumption rate) over a period of 6 - 8 hours is very accurate as enough data has 

been collected for the error to average out. Consequently, to calculate the fuel 

efficiency, it was found that the most accurate approach was to let the generator run at 

a constant load over a period of at least 8 hours.

Using the data collected by the pressure transducer, a curve fitting MATLAB 

command (type “help polyfit” into MATLAB for further information) was utilized to 

calculate the downward slope of the plot. This fuel consumption rate was then 

multiplied by the number of hours in the test period to find the total fuel consumption. 

The kWh value over this time period was easily calculated using the power data from 

the NEXUS RTU. At this point, the fuel efficiency could be found by simply dividing 

the number of kWh produced by the gallons of diesel fuel that were consumed.

It was found that the outlined procedure worked best when the generator was 

operating at a constant load for 8 hours or more. If the load on the generator was 

changed, this procedure was subject to inaccuracy as the downward trend of the data

would not be constant.
To facilitate the calculation process, a MATLAB .m file was constructed that 

automatically performs each of the steps in the above procedure. The code for this 

program is given on the next page.
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%This program calculates the fuel efficiency of the diesel operating at

%a CONSTANT load.

%plot pressure transducer output and kW load for reference purposes

figure(l); plot(kW_total); 

figure(2); plot(fuel_gallons);

%get starting and ending times by looking at the plots generated above

start _point = inputf Enter Starting Point:') 

end _point = inputfEnter ending point:')

%convert X-axis to a hour value so slope is in gal/hr

start_hour = start_point/l80; end_hour = end_point/l80; 

timejarray = start_hour: (20/3600): end_hour;

%pull the selected time interval from the main data array

needed_data = fuel_gallons( start_point: end_point);

%Fit a trendline to the obtained data and output fule consumption

[line, trash] = polyfit(time_array', need

fuel_consumption = -(line(l))

%findtotal fuel consumption and total energy generated

totalJuel = (endjiour - start_hour)* fuel consumption

total_kwh = (mean(kW_total(start_p°int-'end_p°int))) * (endjiour - 

startJiour)

fuel efficiency = total Jcwh /  total Ju e l

%average and plot kW value over selected time interval to ensure that the 

%load is constant; then find the average kW.

figure(3); plot(kW_total( start._point:endpoint));

kW_avg = mean(kW_total(start_p°int:end-P°int))
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Appendix C 

Properties of Ethylene Glycol

Table C.l: Specific heat capacity of ethylene glycol [27]

Specific Heat Capacity, Cp 
(BTU/lb F) 

Temperature (F) 25 30
Ethylene Glycol Solution (% by volume) 

40 50 60 65 100

*40 BF BF BF BF 0.68 0.703

0 BF BF 0.83 0.78 0.723 0.7 0.54

40 0.913 0.89 0.845 0.795 0.748 0.721 0.562

80 0.921 0.902 0.86 0.815 0.768 0.743 0.59

120 0.933 0.915 0.875 0.832 0.788 0.765 0.612

160 0.94 0.925 0.89 0.85 0.81 0.786 0.64

200 0.953 0.936 0.905 0.865 0.83 0.807 0.66

BF- Below Freezing

Table C.2: Specific gravity of ethylene glycol [27]

Specific Gravity, SG 
Temperature (F) 25 30

Ethylene Glycol Solution (% by volume) 
40 50 60 65 100

-40 BF BF BF BF 1.12 1.13

0 BF BF 1.08 1.1 1.11 1.12 1.16

40 1.048 1.057 1.07 1.088 1.1 1.11 1.145

80 1.04 1.048 1.06 1.077 1.09 1.095 1.13

120 1.03 1.038 1.05 1.064 1.077 1.82 1.115

160 1.018 1.025 1.038 1.05 1.062 1.068 1.049

200 1.005 1.013 1.026 1.038 1.049 1.054 1.084

BF- Below Freezing



Appendix D 

Energy Contents of Different Fuels

Table D.l: Fuel energy content [28,19]
Fuel Type BTU's per gallon
Unleaded Gasoline 114,100
RFG Gasoline 112,000
#1 Diesel 128,000
Bio-Diesel 129,500
Liquid Natural Gas 75,000
Methanol (M-100) 56,800
Ethanol (E-100) 76,100

Electricity 3412 BTU/kWh



Appendix E
Manufacturer’s Data Sheets
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Wiring Diagrams

Nexus supports every wiring and configuration. It configures easily for 2, 2fe or 3 element. All wiring and hookup 

configurations are software configured.

4 yw<£ wv&. 2 anger v o lt*$§£ 3 3 Dspfecr o^lta
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Ifcpur Vo is m z  U m ek 
.  150 Volt PHN , 300V PH-PH (Swffec-120)

(Used w ith FT® fo r Extended Range)
* 300 Volt PH-N, 600 VoJt PH-PH (Suffix-G)
VOtmSE î PHiT WfTHSTA&B CAPABILITY
* Voltage inputs op tica lly fo is te d  to  2500V DC. 

Meets ANSI C37.30.1 {Surge W ithstand Capability)
Ikput C u ft^ fc r Range

* 5 amp Inputs 2x continuous programmable 
to  any CT range

* Fault Current recording to  60 amps peak 
secondary based on 5 amp lu ll scale 
Mote: 1 amp and 0.25 amp current Inputs 
available as special order

Q um m m  li&HiT Wr?t*sTAK3 C t& m m v i

* 100 am ps fo r 10 Seconds
* 300 amps fo r 1 Second 
Buboes

* Voltage Inputs; O.05VA Max

*  Current Inputs; 0.0O5VA Msx

IsoiAJim
AN Inputs and outputs are Isolated fo  250G Volte. A ll 
Com Ports are additionally isolated from  each other.
T m p m m m s . Rating
* Operating Temperature: {*40 to +90)*C
* HumkSty. Up to  95% Noncondensing

§ £ m tm  Methog
* lip  to  512 Samples per Cycle 
(Programmable)

* 16 B it A/D Resolution -  Dual Converters
* Utilizes patent pending Accu-measur e* 

Technology
.  True RMS 
Accuracy Raws
* This unit complies w ith and exceeds

ANSI C12.2G and IEC687 accuracy requirements.
* industry Canada Revenue Metering 

Approval;#AE-1069
U p m rz  Time
* 50 msec. — High Speed Readings
* 1 Second — Revenue Accurate Reading 
CQWmOL POWES ItepHaKWl*
« 90-276 Volte AC/DC (Suffix -D2)
* 18-60 Volte DC (Suffix -D)
* Burden: 20 VA Max 
pflEQUEMG* IkMGE

2tMG0Hz
t&lilfcMCJCnG* fomM
* Programmable parity and stop bite
* Communksatesn Protocols: Modbus TCP/IP 

ASCH/RTU and DNF 3.0 le ve l 2 Plus
« 4 Ccmmymoation porta, 2 slave ports, 2  

selectable master/slave ports.

Measurement Accuracy (% of Reading)

1 SECOND

* A ll pods use 2-wnre RS-485 eommmscadion; 
Port 1 is RS-232 or RS-485 Selectable

* 1MP2 - 56k: Modem w ith D ial-Out Capability
* INP1GG - Total Web Solutions - T0/1QGBaaeT
Cmzimscnm
Constructed in a metal case. A ll hardware 
is stainless stee l
§w?Pim
Total shipping weight; 
approx. 12 Ibe (5.4 kgs)
Shipping container dimensions: 16* x l 3“ x t 1“ 
{AD. 64 cm x 33,02cm x 27.94cm)

COfttPLiAf̂CE
* ANSI €12.20 Class 0.2 and IEC687 (Accusrsc
* AMSI C37.90.1 (Surge W ithstand)
* AMSI C82.41 (Surge)
* ANSI/IEEE €37.90.1 -  Surge W ithstand
* tEC 1000-4-2 -  ESD
* IEC 100D -43- Radiated im munity
* tEC 1000-4-4- Fast Transient
» tEC 1000-4-5- Surge Immunity
* IEC 888 -  Flicker Meter
* IEC 61000-4-15-B ic k e r Meter
* CE Marked
* UL and cUL Listed

Harmonies
m/Horns
KVA/Hours
KVAR/Hours

0.08% 
6 m

0.1% 0.06% 
01% 
0.04% 
0.08%
0.08%

MM
M/A
N/A
M/A

5 Digit 
5 Digit 
3 Liigit 
3 Digit 
16 Digit 
16 Digit 
16 Digit

1 When highspeed ?*abb§s are brought through the analog output modules, update time is as spprcx. 180 msec, for each 2  channels of anebg signals.
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Generator Specification Sheet
Prime Power -1800 r/min

General Data
MOCfSi:..
Number of Cylinder*.— --- ---------
Boro end Stroke -  in. x in. (mm x mm)„ ̂Displacement-in,5 (E).., ...—-----
Compression ------------
Piston Speed-ft/m in i( n y n ) ,* « w»,.H»„ 

Configuration 
T ijtocre rg^..
Charge A r Cooling 
Engine Crankcase Vent System 

Physical DataSize:
Length -  in. {mm}...
W idth-in. ( iu 4 ' ‘“
Be^hi -  in. (mm)..
Weight. D ry-to (kg),.,
Weight. W et-to (kgf)--------------------

Center of Gravity Distance:
From RF.O.B, (x asos) -  in. (mm).........
Above Crankshaft {y axis) *  in, (mm).. .
Right of Crankshaft <z axis) -  in. (mm), 

instaKation Drawing—
Mechanic* Data 

Thrust Bearing toad Urn* -  ft) (N)
Maximum Static Sending Moment at Rear

Face o* Block ■»■ lb>ft (Nm) --------
Addition^ Mechanical Data............

Fuel System 
Fuel Injector-Part Number...
Inaction Timing Hwght -  mm .-.-...-..— -.*.,
Cemficatron Code „ „  ........  — ........
Fuel Consumption- IDA* (kglhr)...,........ .............
Fuel Sp$ -  to/hr (kg/hr)......... — ----------- „—
Fuel Spill -  ga$v (Ltor) ............... — ......— ....
Total Fuel Row -  to/hr (kg/hr)
Total Fuel Flow-ga’ahr (Uhr) . . . —  
Maximum Fuel inlet Temperature -T (X )  
Maximum Fuei Pump Suction:

Clean System -  in. Hg (kPa)------
Dirty System -  in, Fig (kPa),— ......... ..........

Fuel Filter Size, Primary -  mtorons..
Fuel Filter Size, Secondary -  microns  —
Fuel Spat Restrictive Fitting -  in. (mmj .

LubHcatton System
Oil Pressure aft Rated Speed -  M il* (kP»)..........
Os! Pressure at Low Wte -  to/in, (KFa)
in Pan Oft Temperature -  *F .........  —
Oil Flcw-gaFmin (Umm) *>*.,.*>..........
Oil Paat Capacity:

High Umit -q t * •* it - q t{ i} -----

6G43-TK35
4

, 5.12 x 6,30 (13D x 160) 
. 519(8.5)
, 15.0:1 
. 1890(576}
. TV4SC2 {1.06 A/R)
, Air te a r 
. Open

42.9(1090}
. 34,7 ($81) 
51.2(1300)

. 2250 (1021)
, 2339 (1061)
. 16,1 (408)
. 7,0(178)
. 1.1(26)
. 23507963 Ref,
. 900(4000)
. 1000(1356)
, E4-6040-32-1
. 5235600 

78.6 
, 5004
. 104.7(47.6) 
465(211)

, 65.5(246)
. 570(259)
. 80.2(303}
. 140(60)
. 6(25.3)
. 12(41)
. 26 
. 8
. 0.08 (2.03)
. 50(345)
. 12(83)
. 235(113)
. 30(114)

Low Limit ~
Total Er«*ne Oil Capacity with Filters -  $ (L>—
Oil Pier, Two Full Flow -  microns .....

Electrical System 
Recommended Battery Capacity (CCA @ 0*F); 

12 Volt S y s t e m —
24 Volt System,,..,.  — ...— —

Maximum Resistance of Start: ng Cftcufc 
12 Volt System -  ohms,.,.,„™
24 Volt System

2 2 (21)
19(18}
28(26)
28

, 1250 
. 625

0.0012
0.002

Cooling System
Engine Heat Rejection -  Btu/mto (KW):—   ......— - -----— < 4550 (80)
Charge A* Cooter Heat Rejection -  Btu/min (kW),.......... 3650 (46)
Engine Radiated Heat -  Btu/mto (kW) ----------- - 1000 (17)
Cootent Flow -  gal/min (Unwt).....................««....................  81 (307)
Thermostat

Start to Open ~*F(*C)  ™  186(86)
Fyfty Open -  *F  ™  » ?  (» )

Maximum water Pump ktet Restriction -  in, Hg (kPa)...***.***♦*., 0 (0)
Engine Coolant Cepsterty -  — - — 17 W
Minimum Prwsuw Cap -  toftn. <lsP>},— — ....................—  7 (40)
Water Pump Discharge Pressure

{f^ ia iv s  Presses Cap) -IW n (kP*} — —  10(89)
Maximum Top Tank Temperature -  *F (*C)....... .— —  210 (99)
Minimum Top Tank Temperature -  *F (*C)....---------- - 160 (71)
Minimum Coolant Fill Rate -gal/min (L/min}.,.,........3 (114)
CtiOtimg Kidex (110 *F Amitent w/H*0 @ Sea LevW):

Maximum M  to Water Differential -  *F ( * C ) , . , . , .— .... 100 (56)
Deaeration Time -  Minutes  ........................... 30
M inima Drawdown Requirement -  % of Total System  10

Air System 
Maximum Ambient to Turbo Compressor inlet

Temperature Rise -  *F f*C) . ---------  ~--30 (16.7)
Maximum A*r totak* Restocbcxt:

Dean Air Cleaner -  in, HzO (KP»).-------- ------------ 12 (3.0)
Dirty Air Cleaner -  in. Hip (ftFa).. -........ .— 20 (5.0)

E n & m  Air Flow (n?/mih)...»--------.......-------- -------- 806 (22.8)
Manifold Pressure -  in, Hg (kPa)  — 64.6 (219)
Recommended intake Pipe Outer Otameter -  w, (mm)   4 (102)
Msadmom Charge A i Cocftar System T o ti

Pressure Drop -  in. Hg (WPa)..,.,..,.„ ------------------- ---  3,0 (10,2)
Mtedmum Intake Man fold Tempemfture -  *F (*C),.....,................ 150 (68)
M&x.Ambtentto toteiteMan^idTemp<^toreDfttera«tlas  45(25)
Maximum Crankcase Pressure -  in. HzO (kPa) — — ------3.0 (0,75)

Exhaust System
Exhaust Flow-I&min (m5/mirt)...-.„......................... .....1820(51.5)
Exhaust Temperature -  *F (*C) — -----------— -  720 (382)
Maximum Back Pressure -  in. Hg {kPa)_,„   3.0 (10,1)
Recommended Exnaust Pipe Diameter -  in. (rtWfc -.... 5 (127)

Performance Data
Rated Rower -  m  (kW)  --------------------------------  315 (235)
Rated Speed -  rfrrftn _______ _____ — -   1800
BMEP - IMn2 ( k P a ) —  ------*--------------- ------  267 (1840)
Friction Power-hp —  41 (31)
Altitude C m m  “ ft ------- *-----------------— ------- 12000 (3860)

Futft Consumption
Fuel -  gal/hr (Uh»i -10% Rower, 25% Power..

_  2.4(91} 
4,2(159) 
7.7(291)50% Power .............. ...........

75%Power.,— ...—  ......... ...— —  11-1 (42.0)
100% Rower    14,7 (55.6)

Emission Data
CerLfc^ksn,..̂
(CWC) Cert*cation Word Code ,. ,,,...
Noise -db(A}#1m ~------------ -----
Smoka-Bosch Number---------------

Lead

l999Nonro8d
5004mo*2,6*

8 Mode

NCV-g/hr 
CO -g /h r 
HC -  g/hr 
Partteuiates -  g/hr

9% 25% 50% 75% 100% Cycle
g/bhp-hr

420 BOO 740 1140 1830 5,86
144 51 36 37 40 0,35
23 14 11 9.4 1! 0.09
6.0 4.7 8.1 6,3 6.4 0*04

UNCONTROLLED
COPY

*Es&nated
Alt values are at rated speed and power and
with standard hardware, unless otherwise noted. Ciirv0 E4-6045-32-03

Rev /Date: 5/6-28*99
Sheet No- 2 of 2

AtJ inhm ftSon awfcjec# to t f rm g * w#»tft/?odce, 
Detroit Diesel and Sptenmg Amm  Design® end Series 50® are registered trademarks of Detroit Diesel Corporation

£  1999 DETROIT DIESEL CORPORATION



145

DETROIT DIESEL
Generator Set Power

Model: Series 50®
Rating: 315 bhp (235 kW) @ 1800 r/min

Certification:
1999 Nonroad 
Prime Power

Power * bhp
Power output guaranteed sWthin 5% at SAC J1996 eondWion*;

7TF <25*C) air rte t tempsrrture; 2S-31rt Hg(WliPaj d*y t»rofT*eter. 
Fart CM w n^cn «  b a*^  on cfiwwt f'Jtd No.2 w«h a fuel «igh« rf 

7.11*AJ.S.grt{.»kg»af)
Performance is tweed « t  irtnfenum Wake and exheurt nwfesertn* 
Values derived are from currency a b l a t e  daia and sublet to change 
wi&out notice

CortVrtrtonFartdrt:. 
Power. kW*t3hp*0.7» 

Fart: Uhr*grt#**S.7M

Certified by:

Performance Curve

C urve  No. E4 -8 0 4 5 -32-03 
R e v ./D a te :  5 / 6 -2 8-99
S h e et No. 1 o f 2

A/i information aotfKt to ottenge wifccrt norte.
Dwirrtt & + m  Md SrtWrtng A m m  De*gr®> and Series SO® are regtrtersd frsdwiMrt:* of Dat/o.1 Oieart Conp«afian. 
© i 999 DETROIT DiESEL CORPORATSON
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SERIES 454FT I N S E R T I O N  MA S S  F L OW T R A N S M I T T E R S

TON 1
The Series 454FT Insertion 
Mass Flow Transmitters raise 
the standard fo r mass flow 
measurements o f a ir and 
industria l gases.The 454FT 
incorporates the rugged Kurz 
aii-welded therm al sensor 
having a m in ia ture, powerful 
"in-the«head" microprocessor 
having a large, lighted LCD! 
Keypad, w ith  easy-to-use set
up and configuration menus. 
The 454FT uses only tw o ail- 
welded RTD sensors to  pro
vide fast measurements of the 
velocity and process tem pera
ture. The optional tem pera
tu re  ratings are 200 C and 
500 C .The LCD/Keypad can 
be ro ta ted  in  90' increments 
to provide a convenient orien
ta tion  fo r all applications. 
English o r M etric Units are 
selected by the user. The 
4S4FT includes up to  tw o 
optically Isolated 4-20 m A  
outputs and alarmsf a RS-232 
po rt fo r use w ith  a PC to  
download, upload, record and 
’E C H O " th e  display. A  flash 
EEPROM Program  Mem ory 
allows the  user to  upgrade the 
firm w are in  the field. A  RS 
485/Modbus local area ne t
w ork p ro toco l is optional.
The 454FT includes the  m ost 
advanced tem perature com 
pensation, microprocessor 
technology and th e  highest 
repeatability  accuracy and 
re liab ility available. The 454FT 
has CE andY2K Compliance 
and hazardous gas safety 
approvals. Kurz has world- 
class ca libration facilities, and 
is ISO 9001 certified.

V .:C . ' - : f ; ;

KEY FEATURES
d Easy-to-use menu for display and set-up with HELP 

screens.
a Two-line 16 character, back-fit LCD with twenty 

button keypad (optional), 

e User selectable scrolling display

n Adjustable LCD/Keypad orientation allowing ease 
of reading the display for horizontal or vertical 
installations.

0 Twenty-four hour clock/calendar;Year 2000 
compliance (four digit year).

c Two optically isolated loop-powered 4-20 mA 
outputs, one for mass flow rate, one for process 
temperature (optional).

o 4-20 mA outputs meet NAMUR NE43 
recommendations, 

o Two optically isolated solid-state alarm/relays 
(optional).

° Pulsed output for use as a remote flow totalizer 
(optional).

° User selected English or Metric units (SFPM SCFM, 
SCFH, PPM,PPH, *F; SMPS,SLPM,SCMHf K G M  
K G H /C ),

d Multi-Point calibration correction factors for Flow 
and Temperature.

«> User-entered METER ID Number, 

o User-entered flow area. 

o Programmable sensor out-of-toler ance indication 
and alarm functors. 

g User may change SIP reference condition,

D User-selectable digital filtering for each METER.

° Built-in flow totalizers and elapsed time,

» User Access Code,

a Selectable RS-232C or RS-485 Serial port for 
terminal operation,

<2 Modbus ASCII or RTU communications 

o NEMA AW  dual chamber epoxy panted 
electronics enclosure,

° CE Complance meeting the European Community 
requirements for EMI emissions and immunity.

<2 Configuration upload/download software using 
a PC,

o \felocityfTemperaturelMapping (VTM) for wide 
ranging velocity and temperature,

o Input power options of 115VAC or 230 VAC 50/60 
Hz or 24VDC.

o Flash EEPROM program memory for user firmware 
upgrades.

a Remote Electronics Enclosure option, 

o Velocity range of 0-18,000 SFPM.

c Process Temperature Rating of -4 0 'C to 200'C 
(MT) or -40*C  to  +500*0 (HHT). 

o Electronics operating temperature range of -2 5 C  
to +65“C> non-condensing and -4 0 *0  to + 65*C 
without the LCD/Keypad option,

n Process Pressure Rating of 300 PSIG,

0 Alloy C276 all-welded sensor construction.

n Fastest response to temperature and velocity 
changes,

o Attitude insensitive.

g Sensor lead length independent circuitry.

«* Non-incendive, Explosion-Proof and Flameproof 
Safety Approvals.

° Ail components pass an extensive burn-in test for 
high reliabi&ty,

«* Optional Modbus local area network with a read
only control set (Trademark of Square D Company).

d Confannal coatings on ail PC. boards.

c The +24VDC version with the 4-20 mA option 
may be used with the Series 155 Mass Flow 
Computers to  provide flow and temperature read
ings and exceptional flexibility

M PPU CA TtO N S
0 Industrial and process gas mass flows 
° Combustion air flow measurements 

o EPA Flow Monitors 

B Flare gas metering
D Aeration m  flow and digester off-gas flow 

D Landfill vapor recovery 

» Incinerator stack mass flow 

c Solvent recovery system mass flow 

c VOC mass flow 

c Cement plants
0 Cod-fired boiler combustion dr 
a Compressed d r 

a Natural gas
o Semi-conductor processing gas metering 

g G.E.M. applications

the  best therm al mass flow m eters

available and to  support ou r 

customers in  the ir efforts to  

improve th e ir business. ■
Kurz Instruments, In c .« 2411 Garden Road, Monterey, C A  93940 ■ Tel 800-424*7356 

Fax 831-646-8901 ■ ww w.kurz-instrum ents.com  *  e-mail: sales#kurz-instrum ents.com

http://www.kurz-instruments.com
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SERIES 4S4FT I N S E R T I O N  MA S S  F L OW T R A N S M I T T E R S

SPECIFICATIONSwmm
Process Velocity Range: 

(MftjQQQSFPM
Process Temperature Rating:

MT: -40‘C to  M ’C 
HHT: “ 40C to  500'C

Process Pressure Rating: 
300PSK5

Sensor Material:
Alloy 0*275 Stings with 
Carpenter 20 Cb-3 sensor 
base; optional Titanium Nitride 
Coating (350 €  max).

Sensor Support Material:
3161 Stainless Steel,
Alloy €-276.

Repeatability 0.25%
\felocky T im e Constant:

1 second tor velocity chants 
atSOOOSFFM at a constant 
temperature and 1 second for 
temperature changes at a con* 
stars velocity of 6000 SFPM.

Process Temperature Time 
Constant: 8 seconds at a 
velocity of 6000 SFPM.

\felocity Accuracy:
See Feature 8 for overall 
accuracy including the effects 
o f process temperature.

Temperature Accuracy:
±{1/2% of reading + rC )fo r 
velocities above 100 SPFM.

Power: +24VDC ±10%, 115/230 
VAC ±10% 50/8G Hz;
15 watts max.

Enclosure Temperature 
Rating: -25'C to +65*0 
with LCD/Keypad opdon;
-40‘C to +85'€ without 
LCD/Keypad option.

Enclosure: Dual-Chamber, 
Epoxy-Painted ak im ifm  
NEMA 4X/7 with glass win
dow for display option

Solid-State Relays:
Optically isolated J  ampere, 
24VAC/VDC maximum

Analog Outputs (4-20 m A): 
Optically isolated, user foop- 
powered, 12 bit resolution 
and accuracy maximum loop* 
resistance Is 5QGQ at 18VDC, 
8GG& at 24 VDC, 140GQ at 
36VDC; meets NAMUR NE43 
recommendations.

Continued on facing pag*

■

TECHNICAL DESCRIPTION 

SENSOR DESIGN
Series 454FT Insertion Mass Flow Transmitters use the 
Kurz MetalClad" FD all-welded Alloy €276 sensor. In 
this design, the temperature sensor and velocity 
sensor are mounted in separate tubes (or *stingA  
providing exceptional thermal isolation from the sen
sor support structure and fast response to process 
temperature changes.

SENSOR MATERIALS AND CONSTRUCTION
The standard sensor material for all Kur2 metal sen
sors is Alloy C-276. ThH material is far superior to 316 
Stainless Steel in high temperature and corrosive 
applications. Kurz offers Titanium Nitride coating for 
abrasive, dirty applications, such as in boiler coal pul
verizers. Kurz exclusively uses Incone! sheathed 
mineral-instiated cable (Ml cable) and a hermetic sen
sor seal for temperatures above 200'C.

PROCESSTEMPERATURE RATING
Kurz offers sensor process temperature ratings of 
200'C and 50CTC. Field data verifies that the lifetime 
at 500'C is at least five years and the lifetime at 200‘C 
is many decades.

TRANSMITTER CONFIGURATIONS
Two configurations are available; Directly Attached 
Electronics Enclosure (TA) and Remotely Attached 
Electronic Enclosure (TS).

PROCESSTEMPERATURE COMPENSATION
The influence of temperature on the thermal proper
ties of gases requires temperature compensation for 
repeatable and accurate measurements. Standard 
Temperature Compensation (STC) is used for applica
tions in which die process temperature is below 
125‘C over a moderate velocity range or below 200‘C 
over more limited velocity range. If the process tem
perature and gas velocity vary widely Velocity/ 
Temperature/Mapping (VTM) is recommended.VTM 
includes taking velocity calibrations at two or three 
process temperatures and using the microprocessor to  
calculate the velocity based on the built-in process 
temperature measurement.

GAS CALIBRATION
The customer has a choice of a laboratory calibration 
or a gas correlation calibration. Air calibrations are 
performed in the K in  Model 4G0D NIST traceable 
wind tunnel,

SENSOR PROTECTION
The 454FT circuitry includes circtatry to  prevent an 
over-temperature condition caused by a sensor, wring 
or component failure, Our sensors will not overheat at 
zero flow, unlike most competitive devices because of 
o ir constant temperature sensor control method and 
the power limiting design.

SENSOR ELECTRONICS
The Series 454FT has several innovations which 
improve performance, reduce cost and provide extra
ordinary flexibility. A new constant temperature bridge 
circuit includes an efficient switching power supply and 
allows the microprocessor to calculate die process gas 
temperature directly using the temperature compensa
tion sensor.The bridge PCS has an EEPRQM loaded 
with the PCB serial number, calibration coefficients, 
and component values which insures the safety of the 
data .The sensor electronics includes a sensor lead 
resistance compensation circuit which is extremely 
important for long sensor wires, rapid gas temperature 
changes and large temperature gradients between the 
sensor and the ambient air,

CONFORMAL COATED CIRCUIT BOARDS
All PC boards are generously coated to  provide pro
tection against damage and moisture condensation.

MICROPROCESSOR
An 18 MHz Z180 microprocessor is used.

ANALOG-TO-DIGITAL CONVERTER
A serial 16-bit ADC provides excellent resolution and 
noise reaction, To minimize noise the user can select 
the ADC sample rate for 50 Hz or 60 Hz to provide 
the best noise rejection.

FIRMWARE
The Display Executive and Programming menus are 
very easy-to-use and are largely self-explanatory.The 
functions aid instructions for the Series 454FT are 
nearly the same as those used for the Series 155 Mass 
Flow Computers, which are widely accepted. The Sow 
and temperature data may be scrolled so it can be 
seen through the window in the cover. The user may 
press "D* and see the flow and temperature data as 
'well as die raw flow data. Pressing "H* holds the dis
play screen (but not the readings), A user access code 
is required for programming, seeing data and entering 
configuration and other user data.

PAGE 4
Kurz Instruments, Inc .« 2411 Garden Road, Monterey, C A  93940 » Tel 800-424-7356  

Fax 831-646-8901 ■ www.kurx-lnstruments.com *  e-mail: saies@kurz-instruments.com
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Single/Dual Channel Loop-Powered Transmitter

650T Units 
Multi-Channel, 
Two-Wire 
Transmitters

Thermocouple 
and M illivolt 
Input

Models
655T: StngfeTCM input channel 
S56T: Dual TCtoiV input channels

Input Ranges
TC types: J, K, T, R, S, E, B, N (DIP switch selection) 
DC vdtage: ±15.6mVio±62.5mV, Oto IV DC

O utput Range
4 to 20mA DC

Power Requirement
12 to 50tf DC (loop-powered)
Two-wire transmitter

Approvals
CE marked, U L c ti listed
Class t Dtvfebn 2; Groups A B, C, D,

I I  Descrip tion
These w its accept universal thermocouple and 
mithvoh input signals, provide isoiatbn, and out
put proportional DC current signal The output 
can also be linearized to the input sensor signal. 
Single-channel 655T and duakhannel 656T 
units are ideal for panel shops and end-users 
who require a high-density signal conditioner 
that can cover a broad range of temperature 
measurement applications,

Configuration is fast and easy. First, you select 
the input type with a simple DIP switch. Then, 
you set your zero/full-scale output values using a 
toggle switch on the front panel to increase or 
decrease the signal until you read the desired 
output value on your voltmeter. The toggles 
make it easy to calibrate a normal (proportional) 
or reverse-acting (inverse) response in seconds, 
After setting the desired calibration, just pres 
the mode/set toggle and your conf iguration set
tings are safely saved to nonvolatile memory.

Both models provide high-voltage input isolation 
(output and power circuits share a common). On 
dual channel units, each channel operates, inde
pendently with inputs isolated from each other, 
to prevent interaction between channels,

In pu t Connections

■ Special Features
* Selectable thermocouple input types offer 

fld b itjf tofK many applications.

a DIP swftdKonfiguration and self-ranging 
technologies qoeed installation without pots, 
jumpers, or software.

* linearize function provides an output that is 
linear to the temperature or millivolt signal,

« Isolation eliminates ground bops, reduces 
noise, and blocks transient signals,

a Toggie-switch calibration simplifies field 
adjustments for faster and easier maintenance,

a Configuration lockout safety feature prevents 
tampering and accidental changes,

a Reverse-acting output capability enables 
inverse proportional control signals.

a Dualchar̂ lmcdelsavesspaceandreduces 
equipment costs,

a CJC control only requires a m&oK source to 
calibrate modules

a High-resoiution I-A  AD converters deliver 
superior accuracy for reliable measurements

Millivolt

OUT*
OU7-

A c ro m a a ffi Tel: 2 4 8 -6 24 -1541 Fax:248-624-9234 e -m ail: sa les^acrom ag.com  w w w .acrom ag.com
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M Perfo rm ance
■ General Inp u t
Analog to  Digital Converter (ADC)
16-bit X-A AS) conwrta

Noise Rejection
Normal Mode: Better than 40dB @ 6DHz. 
Common Mode: Better than lOOdB @ SOHi

input Overvoltage Protection 
Bipolar Transient Voltage Suppressors 0VS).

■ Therm ocouple Inp ut
input Ranges (switch-selectable) 
E M Accuracy

j -210 to (‘346 to 14CKTF) AST
K *200 to 1372°C {-328 to 25G2°f) A S T
I  -260 to 4G0T (436 to 752T) A 5T
R *50 to 1768T (-58 to 3214aF) ±1.9T
S -50 to 17S8T (-58 to 3214T) H H
E -200 to 1QQ0T (-328 to 1832*1) A ST
B 260 to 182CTC (500 to 33G8T) tl.O T
N -230 te l^O T  (-382 to 2372T) AST

Span adjust: RjS range. 100T of 3mV minimum span 
recommended
Zero adjust 0 to 90% of fuS range.

Thermocouple Linearization
On/off selectable.

Thermocouple Break Detection
TC sensor failure can be configured for either upscale 
or downscale.

Cold junction Compensation {CJC} Control 
On/bR selectable.

I Environm ental
Ambient Temperature
Operating-25 to 75T (-13 to 167“Fh 
Storage: 40 to 85T (40 to 185*f),

Relative Humidity
5 to 95%, rwncGftdensing.

Power Requirement
12 to 50V DC © 25mA for each output <ham$. 

Isolation
Inputs, outputs, ami indMdual channels are 
isolated from each other for common-mode 
voltages up to 250V AC, or 354V DC off ground, on a 
continuous bass M  withstand 1500/ PC dielectric 
strength test for one minute without breakdown).

Radiated Field Immunity <RR)
Complies with EN610004-3 Level 3 and 9150082-1.

Electromagnetic Field Immunity (EMI)
Less than ±025% of output span effect

Electrical Fast Transient (EFT)
Complies m  EN61QQ044 Level 3 and EN500624.

Electrostatic Discharge (ESD)
Complies with EN6109&42 Level 3 and EN50082-1.

Radiated Emissions
Meets or exceed EN50081-1 for Class 6 equipment.

Approvals
CE marked,
Ui listed (UL508 and UL1604).
cUL M  (C212,142-M-1987 and 213-M1987).
Hazardous Loc; Class I; Divison 2; Groups A B, C D.

■ M illiv o lt Input
Input Range
Ranges: ±15.6, ±31.3, ±62.5mV 
OtO 0.125,0,25,0.5,1,0V DC 
Span ac%ist 10 to 100% of range.
Zero adjust 0 to 90% of range,

■ O utp u t
Output Range
Range: 4 to 20mA DC, 3.8 to 22mA range typical.

Output Compliance
Rio® s(Vajw*12y)/B.G2A

Output Response Control 
ftoportionaltoe s&ctebfe.

Ambient Temperature Effect
Better than ±0.036% of input span per T  or 
iiOOppoYT, whichever is greater.

Output Response Time (for input step change)
7G0rn5 typical to 98% of final output value.

a Physical
Enclosure
Case: Seitextingushing NYLON 6.6 pc%an»de 
thermoplastic 1194V-2 NEMAType 1 endosm

Connectors (Removable Terminal Blocks)
Wire Range: AWG112-24.

Printed Circuit Boards
Mttary grade FR4 epoxy glass circuit board.

Dimensions
1.05Wx4.68Hx435D inches.
26.7W x 118.9HX 110.5D m U n te

Shipping Weight
1 pound (0.45 Kg) packed.

■ O rde ring  
In fo rm a tio n
M odels
S55T-0600 (add "-C for factory calibration)
Single channel I t  2-wire transmitter, full feature set.
656T-GS00 (add "-C* for factory calibration)
Dual channel TC 2-wire transmitter. Full feature set
656T-E600
Dual channel TC 2-wire transmits. Economy version. 
TC Typ&Uand 0*125mV input ranges only.
No linearization. No inverse output (proportional onl$.

Accessories (see Page 108)
P55R-D24
Pow«r supply (24V DC, 2.1 A).
See Rower Supples on page 183.
DIN RAIL 3.0 
DIN RAIL 15.7 
DIN rail ship, Type T(
3 inches (75mm) or 16.7 inches (425mm)
20RM4 6-DIN
19* rack-mount kit with DIN rail.
Holds sixteen 650T series transmitters.

fVL VMEm&i.**t « iKi-fcSTERS:
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EESIFLO S-Series
Description:

1  The EESIFLO Series meters are specifically designed for use with 
small pipes carrying water or chemicals and other types of liquids. 
The system is completely non-intrusive and requires little 
knowledge of ultrasonics to set up successfully . The advantage of 
this system is increased accuracy due to certain parameters that 
have been fixed by the damping fixture \

The system can measure three sizes of pipe sizes 1/2,3/8 and 3/4 
inch pipes. Measurements can be made in a couple of minutes. 
The standard configuration is a panel mount version but other 
versions are available upon request.

Applications Features
■  Water measurements ■  Microprocessor controlled

■  Chemical Measurement |  Programmable

■  Oil Measurements ■  Easy to use

■  Small pipe How rates

■  Dl Water
■  Saline Solution flow

measurement
■  Special Applications

(Consult Factory)

Specifications:
Model: EESIFLO S-Series 
M easurem ent M ethod: Transit Time 
Calculation Method: Microprocessor based 
M easurem ent Fluids: Water and other types of liquids (special 
applications on request)
M easurem ent Accuracy: ± 2% RD (1m/s-10m/s range)
Row Velocity Resolution 5mm/s
Flow Velocity Range : From 0-10 m/s
H ousing Material: Fibre Glass Resin. Temp Range -10 to 50*C
(Display 0-50X)
Power Requirem ents: 12-30 VDC 
Pow er Consum ption: 2,5 VA Max 
W eight Approxim ately: 330g

Outputs
Current Output 4-20 mA (load resistance 450 Ohms or less) 
Pulse Output (Open collector rating 30VDC,0,25A)
Alarm Output (Upper and lower limits can be set)
Display
Backlit LCD (16 Characters 2 Lines)
Insianatneous Flow Rate, Row Velocity and Totalised flow rate

Sensor Clamping Set
Material PTFE Sensors
Operating conditions 10 to 60 *C
Cable 5 metres as standard (10m available on request)

Copyright 2GG2 EESFLO {http:,7www.eesiflo com)

http://www.eesiflo
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Long Range Ultrasonic Level Transmitter 
LVU-500 Series
FEATURES
is  Accurate and reliable level 

measurement from 0.5 to 40'
Integral relay for alarm or 
automatic filling or emptying 
8° beam allows application in 
restricted environments 
Rugged NEMA 4X enclosure with 
PVDF transducer 

v  Automatic temperature compensation 
over entire range
LED digital display indicates level in 
inches or centimeters 
Fall-safe intelligence provides 
maximum process safety

The three-wire, general purpose ultrasonic 
level transmitter is flange mounted to the 
top wall of the tank and provides 
non-contact measurement up to 40‘ 
with an integral relay for pump, valve or 
alarm control. With non-contact technology, 
the transmitter is an excellent choice for 
applications with dirty, coating, slurry or 
corrosive type liquids.
A high frequency ultrasonic sound wave is 
pulsed eight times per second from the 
base of the transducer. The sound 
wave reflects against the process 
medium beiow and returns to the 
transducer. The microprocessor 
based electronics measure the time 
of flight between the sound 
generation and receipt, and 
translates this figure into the 
distance between the transmitter 
and process medium below.

mot w +
EH3 C€
LVU-500 Series

1095
Basic Unit

APPLICATION VARIABLES
j V a r ia b le Y e s  N o  I
B E  General Purpose *
0 §  Conductive
I B  Non-conductive

.a  Conductivity *
Wm Contact *
l l l f  Non-contact * *

HI **

IIS V*

p i  Coating
f i l l  Non-coaling *
| ' f |  VaporsHill A Gas Density
[111 Vacuum V*

Wm  Ambient pressure *
wm. Low Pressure *
1 1 1  Medium Pressurefill intrinsically Sate
Mm Integral Relay
f f l l  Foam

SPECIFICATIONS
Range: .5 to 12.2 m (1.5 to 40) 
Accuracy: ±0.25% of span in air 
Resolution: 0.125“ (3 mm) 
Frequency: 26 kHz 
Pulse Rate: 8 per second 
Beam Width; 8* conical 
Dead Band; .5 m (1S )  minimum 
Display Type: 4 segment LED 
Display Units: cm (Inch)
Memory: Non-volatile 
Supply Voltage: 14-36 VDC 
Consumption: 200 mA maximum 
Current Flow: Source/sink

Relay Current; 250 VAC, 10A, 1/2 hp< 
Relay Mode: Selectable NO or NC states 
Contact Resist.: 30 miiohms 
Fail-safe Diag.: Relay inverts 

to safe position 
Temp. Rating: *40" to 80°C 

(-40° to 140*F)
Pressure Rating: 30 psi (2 bar) @

25°C, derated % 1.667 psi (.113 bar) 
per 3C. above 25cC 

Enclosure Rating: NEMA 4X (IP65) 
Enclosure Mat’): PP (U.L 04 VO) 
Transducer Mat’!; PVC 
Mounting Threads:

3“ ANSI/DIN 80 flange 
Conduit Conn.: %* NPTSignal Output: 4-20 mA, 14-36 VDC 

Calibration: Push button 
Relay Type: (1) SPOT O  MOST POPULAR MODELS HIGHLIGHTED!

ifliflifliM fttmiw
Model No Price Descridtion
LVU-501 $1095 Ultrasonic three-wire transmitter, sourcing (4-20mA)
LVU-502 1095 Ultrasonic three-wire transmitter, sirring (4-20mA)
LVCN-51 425 Controller with LED display

Comes with complete operator's manual 
Ordering Example: LVU-502. Three-wire transmitter, with LVCN-51. controller; 
$1095 +425 r  $1520.

K-24
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SUBMERSIBLE 
PRESSURE TRANSMITTER
FOR LEVEL AMD DEPTH MEASUREMEHT

uaih. w M  *

e^ E D C C ■<(SP*lfc
PX78

*725
Model Shown

PX78 Series
4 -2 0  m A  O u tp u t 
0 -4  to  0 -5 0 0 p s i 
0 -3 5 0  m b a r to  0 -3 5  b a t

Notice: OMEGA does not offer a 
warranty on this product, its use or 
application. It is the end user’s
responsibility to assure proper Q h n J n  QmaruTr A ctua l S ize
installation and use of this transducer. Shown Smaller than Actual Size

is  All Stainless Steel Casing 
is  Hermetically Sealed 

Housing 
is  Protective Cap Included 
is  50 ft Vented Cable 

Standard

OMEGA'S PX7S Series transmitter 
is a submersible transducer 
suitable for liquid level and depth 
measurement. Its ail stainless steel, 
hermetically sealed housing make it 
suitable for immersion in most 
industrial liquids and oils. A 50 foot 
vented cable {longer lengths 
available) provides an atmospheric 
pressure reference,

SPECIFICATIONS:
Excitation: 1040 Vdc 
Output: 4-20 mA ±10%
Max Loop Resistance:
(Input Voltage -10) x 50 
Zero Balance: 4 mA ±0,5%
Accuracy: 0.25% Linearity, Hysteresis, 
and Repeatability Combined 
Operational Temp Range:
-29 to 03aC (-20 to 200°F) 
Compensated Temp Range:
16 to 71 °C (60 to 16G*F)
Thermal Effects:
Span: 0.003% of RdgfF 
Zero: 0.0045% of FSO/°F

Proof Pressure:
150% of rated pressure 
Burst Pressure:
300% of rated pressure 
Wetted Parts:
316 Stainless Steel Diaphragm 17-4 
Stainless Steel Housing 
Pressure Port: Nose protector included 
Electrical Connection:
50 ft (15.2m) PVG insulated shielded 
and vented cable

THRU. 4 MDISS 
EO.SP.

..............
Dimensions Shown in Inches (mm)

To Order (S p e c ify  M o d e l N u m b e r) so tt a 5.2m) cable standard
RANGE ipsiq! MODEL NO. PRICE COMPATIBLE METERS
Gto4 PX76U7 -004GI $725 DP41-E, DP25-E, DP24-E
0to5 PX7SU7-005G! 725 DP41-E, DP25-E, DP24-E
0to10 PX78U7 -010GI 725 DP41-E, DP25-E, DP24-E
Oto 15 PX7SU7 -015GI 725 DP41-E, DP25-E, DP24-E

Metric Ranges Available - Consult Engineering
To order with extra cable add ̂ length h teet)FT md add $2.00 per hot over SO ft.
Ordering Examples;
1.) PX78U7-015GP100FT is a 15 psi transducer with 4-20 mA ouputand 10Q ft vented cable,
Z ) PX7BU7-005GI is a 5 psi Gage Pressure transmitter with 4-20 mA output and foe 
standard 50 ft of vented cable- $725.

B-206
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TURBINE FLOW 
METERS FTB70G Series 

$
Model F7B730-S, 
$1135, shown smaller 
than actual size

^  Choice of PVC,
Carbon Steel or 
Stainless Steel Body 
High-Accuracy 
Machined Turbine 
Internals Removable 
with Meter in Line 

p* Standard Meter 
Bodies Are Flanged

OMEGA* FTB700 Series turbine 
meters have a unique system 
precisely-machined helical rotors 
and high-quality jewel bearings.
The rotor is the only moving part. 
Small magnets on the rotor hub are 
electronically detected by a solid-state 
Hali-effect sensor outside the wetted 
area. The turbine rotor uses journal- 
type sapphire and ruby bearings for 
minimum friction and maximum life. 
These bearings are ideal for long 
in water and water-based fluids, and 
give exceptional low-flow 
characteristics. The entire rotor 
assembly (rotor, hubs, bearings, rotor 
strut) can be removed from the meter 
as a single unit without removing the 
meter from the pipe.

SPECIFICATIONS
Maximum Working Pressure: 250 PSI
stainless, 150 psi PVC, 200 psi carbon sled 
Maxim um  Tem perature:
93*C (20O*F) stainless or carbon steel, 
49’C (120*F) PVC 
Accuracy: ±1% FS

Signal: Square wave pulse 
Power: 6 to 24 Vdc 
Materials 

Meter Body: PVC, carbon steel 
or 304 SS
Flanges: Van Stone w/steel backing 
flange for PVC bodies, 150# ANSI 
for SS or carbon steel bodies 
Turbine Rotor: PVDF 
Rotor Shafts: Zirconia ceramic 
Bearings: Sapphire journal, ruby ball 

FTB70G-D (Optional Display) 
Power: 11 to 24 Vdc, 20 mA max 
Rate: 8-digit autorange 
Total: 8-digit, selectable decimal

Memory: Non-volatile 
(no battery needed)
Pulse Output: 0.1 second, open collector 
Analog Option 4 to 20 mA. 
user-programmable 
FTB700-T (Optional Blind 
Transmitter)
Output: 4 to 20 mA
Loop Power: 12 to 26 Vdc (isolated)
Accuracy: ±1%
Response Time: 3 seconds, 95% FS

r x .il

I— I H im m T E S  MODELS STOCKED FOR FAST DELIVERY! Flowm eter Dimensions

Model No.
Price:

Flow
(GPM)

C o irp a »  Meters 
(See Section M)

FTB728 $606 FTB720-S $1032 FTB72G-C $666 2-150 60 DPF761, DPF402,
FTB73Q m FTB73Q-S 1135 FTB730-C 693 3-400 10 DPF10, OPF50G,
FTB74S 873 FTB740-S 1353 FTB74G-C 846 6-600 5 FC20,21,22
FTB760 1146 FTB760-S 1899 FTB760-C 1320 12-1200 2 BPF75,76,78

- FTB780-S 2226 FTB780-C 1719 30 -  3000 2

mm (in)
I Line 51 76 102 152 204
| Size (2) (3) (4) m m
~B" 254

(10)
305
(12)

356
(14)

457
(18)

508
(20)

Temperature/Pressure for PVC Body

Ordering Example; F7B730S, stainless steel meter, 3 to 4W GPM range, $1135L

FTB7O0-D S415 Rate and total display
FTB7O0-T 279 Blind 4 to 20 mA transmitter
PSU-93 40 24 Vdc power supply

Operating  
Tem p. *C f F )

M axim um  Operating

24 (75) 150

38 (100) 124

49 (120) 75

54 (130) 50

F-55
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6-Digit Rate Meter/Totalizer
nI MfflNOGRAM*

S E R I E S

C ( i l
DPF701 Series 

$260
Basic Model

v* 5 Year Warranty 
v* Measures Rate 

from 0.5 Hz 
to 30 kHz 

v» Totalizes Up or 
Down from 
-99,999 to 999,999 or 
Acts as Accumulating 
Stopwatch 

v* Optional HI and LO 
Setpoints for Control or 
Alarm 

% DIN Case with 
5 Programming Keys 
6-Digit, 7-Segment LED,
14.2 mm {0.56") High

Signal Input Choices 
(Selectable by DIP 
Switch)
I** TTL Compatible with 

Protection to 25 V 
V  Low Level (25 mV rms) 
v  High Level Signals 

Protected to 115 V 
NAMUR 

v* Open Collector PNP 
or NPN

Sensor Excitation 
Output

12.5 V to 100 mA 
i-* 8.2 V to 70 mA 

5.0 V to 50 mA

Communications 
& Control
^  RS-232 or RS-485 

Output Optional 
v* Optional Dual 6A 

Form C Relays 
Analog Output, Scalable, 
4 to 20 mA, 0 to 20 mA,
0 to 10 V (Optional)

Shown smaller than actual size

The DPF701 Series ratemeter/ 
totalizer offers user programming 
via the 5 front-panel keys. Scale 
factor may be programmed from 
-99,999 to 999,999 (any decimal 
point, multiply or divide), while 
offset may be programmed from 
-99,999 to 999,999 (any decimal 
point).
Programs are stored in 
non-volatile memory, with 
three levels of program lockout 
for security. Optional features 
include Hi or Lo setpoints for 
control or alarm, plus RS-232 
communication. Fixed decimal 
point or autoranging is standard.

Specifications 
Functions: rate and totalize 
selected by menu 
Display: 6-digit, 7-segment 
red LED display 
Inputs
Type: single input. TTL, CMOS, 
NPN open collector, contact closure 
and magnetic pickup compatible; 
selected by dip switch. Non-isolated.

Model FP700QS flow sensor ($200) 
sold separately, see Section F in 
OMEGA’S Flow H andbook.

Level: max. 60 V; min. 25 mV rms 
Frequency: 30 kHz max.
Excitation: regulated, 5.0, 8.2, or 
12.5 V selected by DIP switch,
100 mA max
Accuracy: ±% LSD of total; 0.01% 
of the rate ±1!*LSD 
Setpoints: Two, optional 
Alarm Outputs: optional 
Communication:
RS-232, analog output, optional 
Rate Measurement Technique: 1/x 
Gate Time: 0.30 sec 
Decimal Point: 
programmable or autoranging 
Trigger Slope: selectable by 
DIP switch
Leading Zeros: blank 
Power: 230 ±15% Vac 
Dimensions: 1.9 H x 3.8 W x &  D 
(48 x 96 x 152 mm)
Panel Cutout:
45 H x 92 mm W {1.8 H x 3.6* W) 
Weight: 454g(16oz)

DPF701 S26Q 115 Vac/7.5 to 13 Vdc Powered

DPF702 260 230 Vac/7,5 to 13 Vdc Powered

m m m

§.-
i:

DPF700-A $100 Analog Output Board
DPF700-R 75 Dual 6 A Relay Board
DPF700-232 60 RS-232 Output Board

Comes wt'th complete operator's manual 
Ordering Examples: 
t) DPfJOt pits DPF700 A analog ouput board, $260 + 100 = $360. 
2) DPF702’ pbs spc 18 splashproot cover., $260 + 30 = $290,

D-60
• -•

IN
STRUM

ENTATIO
N
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Siemens Magflo Mag 5100 W Magnetic Flow Meter
SITRANS F flowmeters

SITRANS F M
I MAG 5100 W

1 O verview wMode of operation
The flow measuring principle is based on Faradays taw of elec
tromagnetic induction were the sensor converts the flow into an 
electrical voltage proportional to the velocity of the flow.

H Function
•  Highly resistant to a w ide range of chemicals
*  Conforms to OIML R49 and 1SO 4064
♦ Meets EEC directives: PEP. 97/23/EC pressure directive for 

I EM1092-1 flanges
♦ Individually calibrated on UKAS EN 46001 accredited calibra

tion facility with a  1 0 .1 %  uncertainty.
*  Simple on site upgrade to IP68 /  NEMA 6P  of a standard sen

sor.

The SITRANS F M  MAGFLO MAG 5100  W is an electromagnetic 
flow sensor designed to meet ground water, drinking water, 
wastewater, sewage or sludge applications.

■  Benefits
m Available in sizes from D N  25  to DN 1200 (1* to 48") 
m Available with connecting flanges EN 1092-1 (D IN  2501), 

A N SI, AWWA and AS, 
m Hard lining guarantees consistent accuracy throughout the  

tem perature and pressure range  
8  Soft elastomer facing provides high abrasion resistance and  

eliminates need for gaskets, 
ft High grade stainless steel integrated grounding and measur

ing electrodes
ft Increased few f low accuracy for water leak detection, due to  

coned liner design. 
m Drinking 'water approvals 
m Suitable for direct burial and constant flooding 
m Built-in length according to ISO 13359 
ft Easy commissioning, SENSQRPROM unit automatically up

loads calibration values and settings, 
ft Designed that patented in-situ verification can be conducted. 

Using SENSQRPROM fingerprint.

■  A pp lica tion
The main applications of the SITRANS F M MAGFLO electro
magnetic flow  sensors can be found in the following fields:
*  Water abstraction
*  W ater treatment
*  Water distribution network (leak detection management)
*  Custody transfer water meters 
» Irrigation
*  Waste water treatment
*  Filtration plant (e,g. reverse osmosis and ultra filtration)
*  Industrial water applications

( in te g ra tio n
The complete flow meter consists of a flow sensor and an asso
ciated transmitter SITRANS F M  M AGFLO M AG  6000,
MAG 6000 or MAG 60 0 0 1.
The flexible communication concept USM II simplifies integra
tion and update to a  variety of fieldbus systems, e.g. HART, 
PROFIBUS OP & PA. DeviceNet. CANopen. M O DBUS  
RTU/RS4S5

Siemens FI G1 • 2005 m
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SITRANS F flowmeters 
SITRANS F M

H  Techn ica l s p e c if ic a tb n s

Design Straight Coned one size Straight

Nominal size DN 25 ...4 0 (1 * ... 1&*) D N 5D ... 300(2* ... 12’ ) D N 350 ... 1200(14* ... 48*)

Measuring principle Electromagnetic induction

Excitation frequency 12.5 Hz •5 0  ... 60 mm £2* ... m  12.5HZ
•  80 ... 150 m m (3*... 6*'): 6.25 Hz
•  200 ... 300 mm (8*... 12*);

3.125 Hz

3,125 Hz

Input
Flanges
•  E N 1092-1

- Standard PN 40 (580 psi) •  50 ... 150 mm; PN 1© 
(2* ... 6*; 230 psi)

•  200... 300 mm: PN 10 
( 8 \ . .  12“: 145 psi)

PN 10 (145 psi)

- Option - 200... 300 mm; PN 16 
(8a ... 230 psi)

PN 16 (230 psi)

•  ANSI B18.5 Class 150 lb Class 1501b -20  bar (290 psi) -

•  AWWAC-207 ~ - 28* ... 46*; Class D

Ruled Operation condition*
Ambient conditions
Ambient temperature
•  Remote transmitter -40 ... +100 eC (-40 ... +212 ®F)

•  Compact transmitter 
MAG SCGQteCOQ

-20 ... +50 °C (-4 ... +122 °F)

•  Transmiter MAG 0000 I -20 ... +60 °C (-4 ... +140 *F)

Operating pressure 0.01 ...40  bar(0.15 ...580 psi) |o .Q 3... 20 bar ^  (0.44 ... 290 psi) |0.01 ...16 bar (0.15... 232 psi)

Enclosure rating
•  Standard IF67 to EN 60529 /  NEMA 4X® (1 mH-cQ for 3D minutes)

•  Option IP68 to EN 60529 / NEMA eP (10 mHjO oonti nicusly)
Prassure drop at 3 rrVs (10 ft/s) .As straight pipe |Max. 25 mbar (0.36 psi) | As straight pipe

Medium conditions
Temperature of medium -5 ... + 7 0 *C 3M 2 3 . . .+ 1 8 0 ^

EMC 89/336 EEC

Weight See dimensional drawings
Material
•  Housing and flanges Carbon steel
•  Measuring pip&frneter bedy AISI 304 (1.4301) Hard elastomer (hard rubbery Car

bon steel
AISI 304 (1.4301)

•  Liner Haid elastomer (hard rubber) Hard elastomer (hard rubber) Hard elastomer (hand rubber)

• Electrodes AISI 316 Ti (1.4571)
• Grounding electrodes standard AISI 316 Tl (1.4571)
Certificates and approvals
Liner approvals |WRc, NSF pending
Approvals | P E D -97/23 EC1’>

1) fo r sizes greater than 800 rrm (24M) RED conformity is available as a  cost added opticn. 
The basic unitwill only carry ths D/D (Lew Vblfcags Directive) and EMC approval.

2) 10 bar at temperature beta* S "C (40 *F)
3) Peak temperature up to +90 °C (194 «F) in periods < 1 hour

Siemens FI 01 - 2005



SITRANS F flowmeters
SITRANS FM

M AG FLO M AG 51 DOW

The o f iempzr&ium on working ja w M u r*  MAG $180 W

Pressure in bar (psi) ______________
Sizes 25 nm  40 mm and > 300 mm f1w, ft i"  ami > 12")&WS9 11 Mitt TV tltlFt

Temperature
Flange spec. Range rating -5 *C (23 ”F) 10°C(50CF5 50°C(122*F) 90°C(1S4 *F)

EN 1092-1 PN10 10.0(145) 10.0 (145) 9.7(141) 9.4 (136)

PN16 16.0(232) 16.0 (232) 15.5 (225) 15.1 (219)

PN 40 40.0(580) 40.0 (580) 38.7 (561) 37.7(547)

ANSI B16.5 150 lbs 19.7(286) 19.7 (286) 19.3 (280) 18.0(251)

AWWAO-207 Class D 10.3(150) 10.3 (150) 10.3 (150) 10.3(150)

Size 50 mm to 300 mm (2* to 12s)
EN 1092-1 PN 10 10.0(145) 10.0 (145) 10.0 (145) 8.2(119)

PN 16 10.0(145) 16.0 (232) 16.0 (232) 13.2(191)

PN 40 (MWP 
20 bar (290 psi))

10.0(145) 40.0 (580) 40.0 (580) 32.9(477)

ANSI B16.5 150 lbs 10,0(145) 19.7 (286) 19.7 (286) 16.2(235)

Siemens FI 01 • 20Q5 m


