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Abstract

Synthetic fuels derived from natural gas or coal have been proposed as a replacement for the 

diminishing stock of fuels distilled from crude oil, and in addition offer significant 

environmental benefits. Fuels of this type are currently being produced and tested for their 

compatibility with existing diesel engines.

This study examines the physical properties of the Syntroleum synthetic fuel produced by 

Syntroleum Corporation of Tulsa, OK, and its performance and energy balance in a Detroit 

Diesel series 50 engine generator. This is a high cetane fuel that contains predominately 

paraffins, and is essentially free of sulfur, olefins, metals, aromatics or alcohols. This work 

includes measuring physical properties: lubricity, density, cloud point, and heating value. 

Also discussed is the thermodynamic energy flow in a diesel generator system to determine 

what effect the new fuel has on electrical and heat production. In addition to the investigation 

of synthetic fuel, a similar kind of study was also performed on bio-diesel produced from fish 

oil.
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Chapter 1: Introduction

Increased use of crude oil for the production of conventional fuels like diesel and 

gasoline has caused concerns related to both available reserves (resources) for the future 

and also the environmental impacts of using these fuels.

The United States is the largest consumer of crude oil, and depends on foreign oil to meet 

the rapidly growing energy demand, as evident in Figure 1.1. This results in concerns 

over both energy security, as US forces are deployed around the world to protect oil 

supplies, and economic impacts, as rising prices of crude oil affect the economic 

development of the nation.

Increasing Reliance on Petroleum Imports

Figure 1.1: Production and consumption of crude oil in the United States

[Dammer, 2005]
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From the environmental perspective, the Environmental Protection Agency (EPA) 

identified sulfur in diesel fuel as a potential air pollutant, which combines with 

atmospheric air to form sulfates, which exist in the form of small particulate matter 

identified as a potential carcinogen.

These problems have been addressed by public policies at both the state and federal 

levels. From example, the federal government mandates that the engine manufacturers 

comply with CAFE (Corporate Average Fuel Economy) standards as a potential move to 

reduce its dependence on foreign oil. At the state level, the California Air Resources 

Board (CARB) is quite active in regulating reductions in air emissions.

The adoption in the 1970s of unleaded gasoline in autos allowed the use of catalytic 

clean-up systems, and resulted in dramatic improvements in air quality in US cities. 

Currently, a large fraction of the remaining air quality problems in US cities can be traced 

directly to particulate emissions from diesel engines used for transportation. Diesel 

engine emissions are difficult to treat because of the sulfur compounds in the exhaust 

stream, which contaminate any catalyst being used to reduce these emissions. Adoption 

of fuels with lower sulfur content would allow cleaner emission standards to be 

implemented.

In 2001, the USEPA mandated the fuel refiners to produce ultra low sulfur diesel fuel 

(ULSD) (< 15 ppm sulfur) to control emissions for on-highway fleets by the year 2007. It 

has also signaled its intention to extend the use of ULSD to off-highway equipment by 

the year 2010 [AEM, 2001],

Both engine manufacturers and fuel refiners are adopting various strategies to meet the 

legislated regulations. The low sulfur fuels must be supplied from petroleum refineries, 

and significant time and capital must be invested to provide these fuels. Engine
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manufacturers are also concerned about the impact of the new fuels on their products, as 

fuel changes can affect engine performance and reliability.

One known technology that addresses both the declining supply of crude oil and the low 

sulfur requirement are synthetic fuels, which are not derived from crude oil. The Fischer- 

Tropsch process is widely used to produce high quality synthetic diesel fuel from natural 

gas, coal or biomass as feedstock [Norton et al., 1998]. Fischer-Tropsch diesel fuel is 

superior to crude oil based diesel in several ways including its high cetane number, 

very low aromatics and zero sulfur content, which all combine in making Fischer- 

Tropsch synthetic diesel fuel an ideal low emission fuel. These fuels have been produced 

in several places in the world when countries were cut off from crude oil supplies, such 

as in Germany during WWII and in South Africa during the embargo.

The major contenders in the synthetic fuels industry are Shell, Sasol, BP, Exxon Mobil, 

Syntroleum, and Rentech. They use different feedstocks to produce different blends of 

synthetic fuels and are competing with each other to gain a strong foothold in an 

emerging global market demand for cleaner fuels and new, cheaper chemical feedstock. 

Flowever, the development of a large scale synthetic fuels industry depends largely on 

economic calculations. Crude oil comes from the ground in a nearly completed form, and 

a simple distillation process is the only requirement before finished products can be 

created, so capital and energy costs of these processes are relatively low. The Fischer- 

Tropsch process requires major investment in chemical processing plants, which require 

significant capital investments, and are only profitable at relatively high energy prices. 

Estimates range from $35-50 per barrel as being the point at which FT fuels become 

economically viable. Since world oil prices remained below this level for the 1980’s and 

1990’s, investments in FT plants have not been significant during this time. However, 

recent hikes in crude oil prices have increased interest in the FT plants.
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The US DOE has been interested in FT production since the 1970’s, when the large scale 

clean coal programs were undertaken to provide US energy independence. However, 

during the 1980’s, emphasis was placed on using clean, abundant natural gas for 

domestic energy uses. FT fuel production from “stranded” natural gas became the focus 

of these programs, with the natural gas on the north slope of Alaska the largest reserve of 

this type in the US. In the late 1990’s, ANS natural gas was considered to be of little 

value, as no gas pipeline had been built, nor was one likely, given the low gas prices in 

the Lower 48. Conversion of the natural gas to FT liquids would allow the energy 

content of the gas to be converted into a form that could be transported down the existing 

oil pipeline.

Syntroleum Corporation of Tulsa, OK, entered into a research project with ICRC, a 

subsidiary of the Konaig Native Corporation, to demonstrate the production of FT liquids 

from natural gas. Part of this project involved the demonstration of these fuels in 

conventional diesel engines. In the Lower 48, 90% of all diesel fuel is consumed in 

transportation (big trucks and buses), but in Alaska, 90% of the diesel fuel is consumed in 

diesel electric generators, for power production in remote places.

Testing of this newly produced fuel is critical, to validate the significant benefits over the 

use of other alternative fuels available in the market, to validate the high capital 

investment in this technology with the potential benefits over the conventional diesel 

fuels and also to verify the potential benefits in performance and emissions with the use 

of these newly developed fuels.

Most rural Alaskan villages use diesel based power generation units as the primary 

source of electricity. A large percentage of these diesel engines are older models and 

operate on conventional diesel. If new fuels are to be utilized, it is essential to conduct 

tests to determine the effects of the synthetic fuels in old and new diesel engines. It is 

highly desirable that any synthetic fuel oil is compatible with older model diesel
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generators, but still helps the engine to conform to the new emissions codes, without 

incurring heavy costs for engine modification [Telang, 2005],

The present study involves the testing of the synthetic fuel produced by Syntroleum Inc, 

based in Tulsa, Oklahoma. Two different varieties of Syntroleum synthetic fuels were 

supplied to the test bed facility at the Energy center of University of Alaska, Fairbanks, 

marketed under the brand names of S-l and S-2. This test bed facility was designed to 

use the smallest high efficiency generator available, to duplicate a system that might be 

found in a remote village.

The primary objective of the experimental work was to conduct a long term engine 

endurance test on synthetic fuels. The test plan includes performance evaluation of the 

engine operating on synthetic fuels, synthetic fuel physical properties comparison with 

the conventional fuel, measuring emissions data of the engine operating on this new fuel 

and engine vibrations due to the use of synthetic fuels. This work was divided into 

several Master’s thesis projects. This work will focus on the properties and performance 

evaluation of synthetic fuels produced by Syntroleum Inc.

Physical properties like density, viscosity, cloud point, lubricity and heat of combustion 

are important, as differences from conventional fuels might result in significant engine 

performance issues. Measuring these physical properties and comparing them to the 

conventional diesel fuel ensures the new fuel compliance with the ASTM D975 standards 

for the diesel fuels and also helps us to identify the potential reasons for failure mode 

analysis.

Synthetic fuels have a special composition of near zero sulfur and near zero aromatics, 

which make them more attractive from the emissions point of view. On the other hand the 

absence of sulfur in the hydrocarbon chain causes concern to the engine manufacturers, 

as the sulfur containing compounds provide natural lubricity to the fuel, protecting fuel
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injectors and pumps. Ensuring adequate lubricity forms an important part of the 

experiment to provide necessary assurance to end market users.

In this work, the lubricity of Syntroleum synthetic diesel fuel was evaluated by following 

two different methods:

• A Laboratory scale bench test like the ASTM D6078 Scuffing Load Ball on 

Cylinder Lubricity Evaluator (SLBOCLE), to verify the compliance of the new 

fuel with the necessary scuffing load recommended by the engine manufacturer’s 

association (EMA).

• The 2250hr long term endurance tests on synthetic fuel, which empirically verify 

the synthetic fuel natural lubricity effects.

Engine performance on synthetic fuel was evaluated following the SAE J1515 standard 

titled “Impact of alternative fuels on engine test and reporting procedures”. Under this 

standard, synthetic fuel performance was compared to conventional No.2 diesel on the 

basis of thermal efficiency, brake specific fuel consumption and air-fuel ratio by 

operating the engine on a five load cycle, varying between 10-100%.

The basic thermodynamic mass and energy balance was also measured on the engine, 

using all the test fuels. Since these measurements require multiple individual readings, 

several iterations of measurements were made in order to gain increased confidence in 

the instrument calibrations. Energy entering the system in the form of the fuel’s chemical 

energy, is balanced with electrical power generated (useful work), heat lost in the water 

jacket, heat lost to atmosphere through the turbo aftercooler, sensible heat in the 

combustion exhaust, and heat lost in the form of convection and radiation.

As an extension of the experimental work, bio-diesel derived from fish oil was also tested 

following the same test plan as outlined for synthetic fuel testing. Bio-diesel properties, 

performance and energy balance are all discussed in detail in Appendix B of the thesis.
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Chapter 2: Literature Review

2.1 Synthetic fuels:

Most liquid fuels are produced from the distillation of crude oils obtained from naturally 

occurring oil fields, and are referred to as distillate fuels. Properties of these fuels are 

determined at least in part by the properties of the crude oils from which they were 

derived. Synthetic liquid fuels are produced through chemical conversion of other fuels 

(usually either natural gas or coal) through a syngas process. Properties of these fuels are 

determined by the nature of the chemical process used to create them.

The best known technology to produce synthetic fuel from synthesis gas is the Fischer- 

Tropsch process, which results in a paraffinic, high cetane number fuel, with either low 

or no sulfur, metals, aromatics and olefins[http://www.syntroleum.com/media/ 

Syntroleum_s2.pdf]. This technology was first demonstrated in Germany in 1902 by Saba 

Tier and Senderens, when they hydrogenated carbon monoxide (CO) to methane, using a 

nickel catalyst. In 1926 Fischer and Tropsch were awarded a patent for the discovery of a 

catalytic technique to convert synthesis gas to liquid hydrocarbons similar to petroleum 

[McMillan, 2002], Synthetic fuels produced from coal were used by Germany during 

World War II, and by South Africa during the long oil embargo against that country.

Several companies have produced and continue to produce Fischer -Tropsch diesel fuels, 

including Arco, Exxon Mobil, Rentech, Sasol, Shell, Syntroleum and others. The 

feedstock used to produce synthesis gas can be any carbonaceous material. Different 

companies are using various feed stocks to produce the synthesis gas, such as oil shale, 

coal, tar sand, natural gas and biomass [Alleman and McCormick, 2003],

http://www.syntroleum.com/media/
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Syntroleum Inc., located in Tulsa, Oklahoma, uses a proprietary Syntroleum process for 

converting natural gas into synthetic oil, which can be further processed into fuels and 

other hydrocarbon based products. The process is based on three primary steps:

• Natural gas reforming: The Natural gas is reacted with air or oxygen in a 

proprietary auto thermal reactor to produce nitrogen diluted synthesis gas, 

consisting primarily of carbon monoxide and hydrogen.

• Fischer-Tropsch synthesis: The synthesis gas flows into a reactor 

containing a proprietary catalyst developed by Syntroleum, converting it 

into synthetic hydrocarbons commonly referred to as “synthetic crude oil.” 

The product from this step is a waxy material that can solidify at ambient 

temperatures.

• Fuel finishing step: The long chains produced in the Fischer-Tropsch 

process are upgraded to middle distillate products such as diesel, kerosene 

and naphtha by means of hydro cracking and hydro isomerisation.

[http://www.syntroleum.com/process-schematic.asp and Morgan et al., 1998]

2.2 Syntroleum synthetic diesel fuel production process:

http://www.syntroleum.com/process-schematic.asp
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Figure 2.1: Schematic of the Syntroleum process 

[Source: http://www.syntroleum.com/process-schematic.asp]

2.3 Synthetic fuel advantages:

Synthetic fuels offer two major advantages over conventional fuels from crude oil:

1. They can be produced from abundant coal sources, thus reducing the US dependence 

on foreign oil. 2. Synthetic fuels offer intrinsic environmental advantages including 

improved emissions from combustion and reduced toxicity of spilled fuels. However, 

producing synthetic fuels requires significant capital investment, and world oil producers 

have deliberately controlled world oil supplies to keep crude oil priced at a level where 

this investment is not encouraged [Maass, 2005].

2.4 Federal regulations:

The environmental protection agency (EPA) legislated the on-road diesel fuel sulfur 

content to 500 ppm (mass) maximum in the early 1990s (some fuels have as much as 

10,000 ppm sulfur). This quality of fuel is generally referred to as “low sulfur diesel”.

http://www.syntroleum.com/process-schematic.asp
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Later in 1999 the EPA proposed to reduce the maximum level of sulfur in on-road diesel 

fuel to 15 ppm (mass) starting in 2006. Diesel fuel of below 15 ppm (mass) sulfur has 

been commonly referred to as “Ultra Low Sulfur Diesel” [Mitchell, 2001]. Synthetic 

fuels have some unique properties, which meet the future regulations imposed by the 

EPA, when compared to the conventional diesel fuels. The following table compares the 

properties of conventional and Syntroleum fuel.

Table 2.1: Properties of Syntroleum and conventional fuels 

[Source: http://www.syntroleum.com/media/syntroleum_s2.pdf]

Fuel Property Conventional Diesel Syntroleum (S-2)

Sulfur (ppm) 350 0

Aromatics 31 0

Cetane Number 47 74

Heating Value(Btu/gal) 130,000 120,000

Specific gravity 0.85 0.77

2.5 Properties of Syntroleum synthetic diesel fuel:

Syntroleum Fischer -  Tropsch (F-T) fuels have very high cetane number (approximately 

74) because of very high n-paraffin content, while conventional diesel fuels have 

comparatively low cetane number (ranges from 40-50). Due to high cetane number, 

synthetic fuels exhibit higher auto ignition, and reduced NOx emissions at light and 

moderate loads. A 5 % NOx reduction may be attainable in older technology engines with 

an increase of 10 cetane numbers. New technology engines may experience a 2% NOx 

reduction with same cetane number increase [Alleman and McCormick, 2003], Synthetic 

fuels contain non-detectable traces of sulfur, and very low aromatics, which is beneficial 

from the emissions point of view. However, sulfur and nitrogen compounds are used in 

conventional fuels, to provide lubricity to the components like the fuel pump and

http://www.syntroleum.com/media/syntroleum_s2.pdf
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injectors, which rely on the fuel’s intrinsic lubricity. In comparison, conventional diesel 

contains significant aromatics (generally 30% by volume), and a higher sulfur (typically 

500 ppm) [Telang, 2005],

Changes in engine design (such as higher pressure injection and more control of 

injection) have tended to increase the importance of adequate lubricity to ensure that the 

engine’s long term emission performance remains satisfactory. Sulfur reduction efforts 

have tended to produce fuels of reduced lubricity, and synthetic fuels cannot be used 

unless the lubricity is improved with an additive package.

2.6 Fuel properties and their effects on different parameters:

2.6.1 Lubricity:

Synthetic fuels produced by the Fischer -Tropsch process share one common property — 

near zero sulfur content. Sulfur compounds are a potent poison for the catalysts employed 

in Fischer-Tropsch synthesis and must be almost wholly removed during syngas 

production [Alleman and McCormick, 2003]. The hydro treating process to reduce sulfur 

or aromatics has the potential to reduce the lubricating properties of the fuel. In other 

words, the desulfurization treatment reduces poly aromatics (tri- and above) and polar 

compounds of the fuel other than sulfur compounds. The poly aromatics and polar 

compounds such as oxygen and nitrogen containing compounds were recently shown to 

enhance fuel lubricity [Miura et al., 1997 and Nikanjam and Henderson, 1992].

Nikanjam and Henderson [1992] have studied the effect of aromatics content on synthetic 

fuel lubricity using three different kinds of tests: 1. Ball on cylinder lubricity evaluator 

(BOCLE) 2. Endurance test on a pump 3. Vehicle testing on a chassis dynamometer. 

Their work resulted in the following conclusions: 1. A severely hydro processed diesel 

fuel with extremely low aromatics content can cause a catastrophic fuel pump failure.
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2. All fuels designed to meet the EPA emissions standards may not have degraded 

lubricity as it depends on how the fuels are made. 3. Hydro processing appears to degrade 

lubricity but a small amount of straight run blend component appears to restore it.

Miura et al. [1997] have studied the effect of sulfur content on synthetic fuel lubricity 

through laboratory test methods including the Scuffing Load Ball on Cylinder Lubricity 

Evaluator (SLBOCLE -ASTM D6078) and High Lrequency Reciprocating Rig (HFRR- 

D6079), and they also conducted a pump endurance test using a commercial diesel 

engine. They categorized the fuels into three types 1. Low sulfur fuels 2. Medium sulfur 

fuels 3. High sulfur fuels. The results from the laboratory test showed that the wear scar 

diameter (WSD) and scuffing load weight (SLW) of the low sulfur fuels were poor 

compared to fuels with high sulfur content. They also developed a new pump test set up 

called the COSMO pump test, and tested the same fuel samples using both the COSMO 

pump test and the Bosch pump, which was considered as the standard pump test for 

rating low sulfur diesel fuels. The pump test results showed that fuels with low sulfur 

content damaged pump components. However, adding a lubricity additive to the fuel 

resulted in sufficient lubricity and no damage to the pump.

Morgan et al. [1998] have studied the physical and chemical properties of Sasol Slurry 

Phase Distillate (SSPD) produced by Sasol Corporation, South Africa. SSPD fuel is 

similar in composition to the Syntroleum fuel. Both HLRR and SLBOCLE were used to 

determine the lubricity of SSPD, No.2 diesel fuel and the blends of the two. Their results 

on the fuel samples were as follows:
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Table 2.2: Properties of SSPD, No.2 diesel and blends

Property
Test

Method

Sasol

SPD

Diesel

80:20 

SPD: 2D

50:50 

SPD: 2D

30:70 

SPD: 2D

US 2-D 

GRADE 

DIESEL

Acceptable

Limits

Lubricity:

SLBOCLE(gm)

ASTM 

D 6078 2700 2700 3050 3650 3950 3150(min)

HFRR 

(WSD in pm)

CEC

F06A-

96

567 491 473 491 485 460(max)

The WSD specification limit for diesel fuel evaluated using the HFRR as proposed by the 

Coordinating European Council (CEC) is 460pm maximum @ 60 C. The minimum SLW 

specification limit for diesel fuel evaluated using the SLBOCLE, as proposed by Engine 

Manufacturer’s Association (EMA), is 3150 gm.

Both the 2-D diesel and the Sasol SPD diesel results were higher than the proposed 

maximum CEC specification but almost all the blends were lower than the proposed 

EMA specification.

The Sasol SPD diesel was hydro treated, which would have had a negative effect on the 

fuel’s lubricity properties if it was used on its own and not as a blend component. The 

author suggests using a good lubricity improver additive for sensitive applications.

Frame et al. [2004] have assessed the use of Fischer-Tropsch fuel supplied by Syntroleum 

Corporation, Tulsa, OK. Synthetic JP-5 fuel designated as S-5 X-03-001(unadditized) 

was tested on a 6.5 L diesel engine used to power the high mobility multipurpose 

wheeled vehicle (HMMWV). As a part of their experimentation they also tested the fuels
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lubricity characteristics using both a laboratory based bench top test and also a pump 

stand test. They concluded that neat S-5 (fuel without any additive) exhibited poor 

lubricity characteristics. The addition of the maximum recommended concentration of 

lubricity additive MIL-PRF-25017 QPL improved the lubricity performance to a 

satisfactory level in a 500 hour rotary injection pump test. The SLBOCLE and HFRR 

bench tests were not so sensitive to the minimum and maximum treatment levels of the 

additive.

Cameron [1998] of the California Air Resource Board (CARB) has studied the lubricity 

of low sulfur diesel fuels (0.01% sulfur) for a period of three years. The SLBOCLE 

bench test was used for assessing the lubricity of the samples, which ranged from a low 

of 1500 gm to a high of 4900 gm. The SLBOCLE results had been correlated with the 

pump wear test results performed by several fuel injection equipment manufacturers. A 

scuffing load between 2500 and 3000 grams corresponds to borderline or transitional 

lubricity and a scuffing load below 2500 gm indicates marginal or low lubricity.

Yon wielligh et al. [2003] have studied the common failures occurring in diesel engines 

due to the use of fuel with insufficient lubricity. In majority of these cases, the injectors 

were taken out and tested. When these injectors were gently pumped on the test rig, they 

emitted streams of diesel instead of the normal vapor indicating that the injector’s needles 

were stuck.

Wang and Reynolds [1994] investigated the lubricity of low sulfur diesel fuels and its 

relationship with unit injector wear in heavy duty diesel engines using engine rig test and 

SLBOCLE. The SLBOCLE test has been used to study 37 fuels randomly sampled from 

the field and the results correlated well with the rig test. A scuffing load of 2500 to 3000 

grams seems to define the transition from poor to good lubricity. Roughly one third of all 

low sulfur fuels surveyed have lubricity within or below the transition range.
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2.6.2 Viscosity:

Viscosity is a measure of a fluid’s resistance to flow. The greater the viscosity, the less 

readily the liquid flows. This measurement directly relates to the injection pump and 

injector leakage [http://www.rxp.com/DieselFuel.htm]. The plungers of the diesel fuel 

injectors are able to generate high pressures only if the fuel does not leak through the low 

tolerance surface between the plunger and the bushing. A low viscosity fuel will result in 

fuel loss and the inability to generate high pressures, but produces a fine mist pattern 

inside the combustion chamber, while high viscosity fuel leads to excessive high pressure 

before attaining sufficient fuel flow through the injector tips [Toboldt, 1983 and Suppes 

et al., 1999],

Shukla et al., [1997] have developed a simple laboratory test method (IIP test) using a 

ball on disc machine to determine the influence of diesel fuel viscosity and additive effect 

on wear. They tested different commercial diesel fuels with sulfur contents varying from 

0-1 (% by weight) to correlate the fuel’s viscosity with the lubricating characteristics by 

measuring the wear scar diameter (WSD). Their test results indicated that there is a 

decrease in wear with increase in viscosity. They concluded that low wear with high 

viscosity fuels may be due to the increased hydrodynamic component resulting in 

reduction of metal to metal contact.

Orii [1995] has studied the relationship between erratic engine revolution and diesel fuel 

lubricating properties. A sensor was attached to the sleeve of the distribution type fuel 

injector pump to observe its axial motion. They found that engine revolution becomes 

erratic when the sleeve sticks and slips. Viscosity was expected to be a major cause of 

sleeve sticking in the fuel injector pump. However, no correlation could be established 

between the erratic revolution and diesel fuel viscosity or any other typical properties.

http://www.rxp.com/DieselFuel.htm
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The ASTM D445 standard test method for kinematic viscosity of transparent and opaque 

liquids was used by Syntroluem Corporation for specifying the fuel’s kinematic viscosity. 

According to this standard the viscosity of the fuel should vary between 1.3-2.4 (cSt) 

[http://www.astm.org],

2.6.3 Density:

Increasing the fuel density increases the power output of the engine per unit volume of 

the fuel consumed. This is because fuel injection pumps meter the fuels by volume and 

not by mass, so a denser fuel contains a greater mass in the same volume 

[www.adb.org/documents/guidelines/vehicle-Emissions/cf-ch04.pdf].

Theoretically, with a lower density fuel, the instantaneous fuel mass flow rate into the 

combustion chamber is lower, and a longer injection period is required to meet the fuel 

energy demand of the engine. This results in lower heat release rates, with an associated 

reduction in N 0 X formation rates [McMillan, 2002].

The United States does not specify any diesel fuel density limits. Instead it relies on other 

fuel specifications, such as aromatic content and distillation temperature requirements, to 

establish a range of possible fuel densities [http://www.syntroleum.com/media/ 

syntroleum_s2.pdf]. Conventional diesel fuel density varies between 0.85-0.88 kg/liter at
o

15 C, while the synthetic fuels have a lower density of approximately 0.77 kg/liter 

[Telang, 2005],

http://www.astm.org
http://www.adb.org/documents/guidelines/vehicle-Emissions/cf-ch04.pdf
http://www.syntroleum.com/media/
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2.6.4 Cloud Point:

Diesel fuels contain small amounts of long chain hydrocarbons, called waxes, which 

crystallize at temperatures within the normal diesel engine operating range. If the 

temperatures are low enough, these wax crystals will agglomerate and plug fuel filters 

and prevent engine operation. At a low enough temperature, the fuel will actually 

solidify. The most common measure of this tendency to crystallize is the cloud point. 

This is the temperature where the onset of crystallization is observed visually as 

cloudiness in the fuel [www.uidaho.edu/bioenergy/BiodieselEd/Publication/o3.pdf],

Fischer -Tropsch liquids contain paraffin, iso-paraffin and aromatic content, while the FT 

diesels largely include iso-paraffin. The FT diesel composition has an advantage and a 

disadvantage with respect to two different properties. The inclusion of too many heavy 

paraffin (n-paraffins and aromatics) may lead to cold flow problems, while a greater 

fraction of lighter paraffins can lead to ignition temperature problems 

[Suppes et al., 2000].

Depending on the fuel composition, the start of paraffin precipitation can be as high as 0

C. The cold temperature flow additives which are specially blended with the winter diesel 

fuels restrain paraffin growth so that the crystals remain small enough to pass through the 

filter pores. Today’s winter diesels with additives can resist the solidification of the wax
O

down to -22 C [http://www.syntroleum.com/media/syntroleum_s2.pdf].

Low temperature properties such as cloud point, pour point and low temperature 

filterability are characterized by ASTM standards. The advantages of these methods are 

that they are relatively easy laboratory procedures and are practical indicators of cold 

flow performance. Their disadvantages include 1. Lack of a fundamental basis that 

would allow prediction/modeling/control of these properties. 2. Lack of fundamental 

understanding that would allow producers to be able to predict/model the impact of

http://www.uidaho.edu/bioenergy/BiodieselEd/Publication/o3.pdf
http://www.syntroleum.com/media/syntroleum_s2.pdf
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additives used to improve these properties. 3. Disagreement among the industries as to 

the proper method for evaluating the suitability of a fuel for a particular application 

[Suppes et al., 2000].

2.6.5 Heating Value:

The amount of heat released when a known quantity of fuel is combusted is defined as 

heating value or calorific value of the fuel. Heating value of the fuel is proportional to 

the engine’s output for a specific fuel consumption rate. The heating value of the fuel is 

directly proportional to its density when other fuel properties are unchanged. Heating 

value can be increased by increasing the fuel’s density which involves compositional 

changes in the fuel such as 1. Changing the aromatic content (this is limited by the cetane 

number requirement) 2. Changing the distillation profile (this is limited by the 90% 

distillation temperature requirement)

[http://www.madsci.org and http://www.syntroleum.com/media/syntroleum_s2.pdf].

Synthetic fuels have low heating values when compared to the conventional diesel fuels. 

The low heating values of the fuel are evaluated using the ASTM D 240 standard.

2.7 Performance evaluation of Syntroleum fuel on DDE series 50:

Performance evaluation of Syntroleum fuel was carried out to check the feasibility of 

using this fuel in existing diesel engines without any modifications. The performance 

evaluation parameters considered in this study are as per appendix D of the SAE J1515 

standard titled “Impact of alternative fuels on engine test and reporting procedures”, 

which include BSFC (brake specific fuel consumption), indicated thermal efficiency, 

brake thermal efficiency, engine torque and variation of all these parameters with engine 

load and their comparison with conventional No.2 diesel as the base line fuel.

http://www.madsci.org
http://www.syntroleum.com/media/syntroleum_s2.pdf
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Since the density and heating value of Syntroleum fuel is low when compared to the 

conventional No.2 diesel, it is expected that the output power will be low for a specific 

fuel consumption rate of Syntroleum when compared to conventional No.2. As a part of 

the performance evaluation an energy balance study is carried out to estimate the heat 

losses from the engine in various modes including 1. Heat loss in exhaust. 2. Heat loss in 

coolant loop. 3. Heat loss in the form of power. 4. Heat loss in the after cooler. 5. 

Convection and radiation losses. The Syntroleum fuel performance was compared to 

conventional No.2 diesel fuel, which in turn will help others to estimate the potential heat 

recoverable from these losses.

Suppes et al. [1999] have evaluated the type performance of a condensable gaseous 

reactor effluent (C5-C20) portion of Fischer-Tropsch Liquids produced by Syntroluem 

Corporation and their blends with gasoline, hexane, ethanol and diethyl ether on modified 

off highway diesel engine cycles. They concluded that the FT fuels and their blends 

exceeded goals on reduced emissions, but had lower peak power capabilities due to 

reduced energy density of the fuels. The low power output problem can be solved by 

using properly sized injectors which should add no additional cost.
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Chapter 3: Experimental Setup

In order to measure the effects of different fuels on the engine performance, a diesel 

engine test bed was created. This test bed was designed to use the smallest high 

efficiency generator available, to duplicate a system that might be found in a remote 

village. Unlike a village, however, the sole purpose in operating the generator was to 

obtain operational data, so extensive instrumentation was installed, and a load bank was 

used so that the operating conditions could be varied at will.

The test bed for the implementation of the entire experimental work was erected in May 

2003 outside UAF Energy center at the University of Alaska, Fairbanks. To reduce the 

fire hazard and risk of fuel spills, the test bed was setup outside the Energy Center in a 

refrigerated Conex box, 40 feet long x 10 feet wide. The Conex box was one used for 

cargo transport but modified by placing vents as necessary to circulate air and for 

electrical feed throughs. This test bed set up is very similar to a diesel generator 

installation used in many remote locations, with the virtues of being self contained and 

transportable.

The generator as received from the manufacturer included many sensors as part of the 

engine package, but further instrumentation was necessary to obtain all the desired data. 

In particular, air flow and heat transport measurements were added, as well as sensors for 

fuel flow. Subsequent to the commencement of the experimental work, the test bed was 

instrumented with all the essential test equipment and sensors to monitor the engine 

operation all through the experimentation. The following is a brief description of the test 

bed and instruments used to monitor the engine performance.
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3.1 General description:

The core of the test bed set up, as supplied by the manufacturer, contained the following 

equipment:

1. Diesel generator. (DDE -  Series 50)

2. Day tanks.

3. Inlet air after cooler.

4. Coolant radiator.

The entire length of the Conex box was partitioned into two compartments. One section 

was to accommodate the engine block and the day tanks and the other one was for the 

radiator and the after cooler, which were vented directly to the ambient conditions. There 

were two reasons for having this partition l.To prevent convective heat transfer from the 

engine block to the cooling segment. 2. To restrict excess air entering the engine block 

from the cooling side.

Along with the sensors and data acquisition system placed inside the Conex, an 8000 

gallon capacity bulk fuel storage tank and a resistive/reactive load bank were placed 

adjacent to the Conex.
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Figure 3.1 Energy Center at the University of Alaska, Fairbanks. 

The Conex is located at center left.

3.2 Diesel generator:

The core of the test bed is a 4 cylinder Detroit Diesel Series 50 heavy duty diesel engine 

rated at 125 KW and operating at a constant speed of 1200 rpm without any gear 

reducers. The series 50 DDE is the only engine in its class with an electronic fuel 

injection system, which allows for more precise adjustment of the fuel injection pattern, 

providing better combustion, better emissions, and better efficiency as compared to 

engines with mechanical injection systems. The patterns of injection can be modified 

with software, allowing the user to modify the injection timing of the engine, which is set 

to optimize the performance of the engine on a given fuel. Previous data from 

Syntroleum corporation indicated that significant changes in injection timing might be 

required to minimize emissions, but work done on this test bed [Telang, 2005] indicated 

that no change was required in injection timing for synthetic fuels.

The injectors of all diesel engines depend on the fuel’s natural lubricity to reduce wear 

during operation. The Detroit Diesel Series 50 engine injectors are particularly sensitive,
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and thus were considered a good indicator of the adequacy of the fuel lubricity. If the 

synthetic fuel had low lubricity then it would be directly reflected in the excessive wear 

during the 2000 hr testing period.
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One of the goals of this project was to check the feasibility of using this fuel in rural 

Alaskan power plants, which use a wide variety of diesel generators. Most of these 

generators are larger than the unit used in this test, and are designed to operate at 1800 

rpm. Detroit Diesel offers a generator package using the Series 60 engine, which is quite 

similar to the package used, except it has a higher output rating and operates at 1800 rpm. 

Although the series 50 used in this test operates at 1200 rpm it does not differ in its wear 

characteristics and operational effects compared to the 1800 rpm series 60 engine.

In order to mimic the typical rural Alaskan village power plant, the engine was coupled 

with a generator rated at 125 KW and operating at a constant speed of 1200 rpm. Load 

was applied on the generator using an external resistive/reactive load bank manufactured 

by SIMPLX Inc. The load bank employs a digital user interface for its operation. This 

digital interface had both a control panel, which was installed inside the Conex box, and a 

direct connection to the LABVIEW VI. During most operations, the load profiles were 

set through the VI, instead of manually operating the control panel interface provided by 

the manufacturer. The load bank was air cooled and designed to be placed outdoors, so it 

was located adjacent to the Conex box.

Figure 3.3 Detroit series 50 engine and generator
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Operation of the load bank requires some power for control, in addition to the power 

consumed by the resistor banks. In this installation, the control system for the load bank 

was powered by a separate 220 V power line from the university grid. Power for the on

board electronics and load bank fans were provided by the generator, and were measured 

as part of the generator load.

Figure 3.4: Load bank

3.3 Fuel storage:

3.3.1 Bulk fuel storage tank:

The test was designed to operate the generator for 2000 hrs of testing, in order to look at 

the long term effects of lubricity and other potential adverse effects of the use of 

synthetic fuels. It was estimated that a total of 15,000 gallons of synthetic diesel fuel
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would be required. Syntroleum Inc supplied the fuel in three different batches over the 

course of the experimental work. An 8000 gallon capacity bulk fuel tank was used for 

long term on-site fuel storage. The tank was double walled and conforms to the 

Underwriters Laboratories (UL) standard.

The bulk fuel tank was positioned adjacent to the diesel generator in such a way that it 

was very near to the fuel input pipes of the day tanks. The tank was fitted with a pump 

and a fuel hose to transfer the fuel to the day tanks. The pump included a metering system 

to measure the amount of fuel transferred. The tank was fitted with a fuel level indicator, 

indicating the height of the fuel column in the tank, which could be converted into 

available fuel in gallons using a table supplied by the manufacturer.

Figure 3.5: Bulk fuel storage tank

3.3.2 Day tanks:

Two 300 gallon capacity day tanks were positioned inside the Conex to store the fuel for 

daily operations. The test fuels and conventional fuels were stored in separate day tanks 

to prevent cross contamination of the fuels. Whenever there was a change in the test fuel,
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substantial care was taken to drain the tank completely before filling it with the new fuel. 

Both the tanks were double walled and have a UL certification with low level and 

overflow alarms. Vents were also provided on the top of the tanks to ensure that the 

ambient conditions inside the Conex were not contaminated by the aromatics or light- 

ends that tend to evaporate during engine operation. The tanks were plumbed in such a 

way that either of them could be used alternately during the engine operation.

Figure 3.6: Day tanks

3.4 Data acquisition system:

Data collected in these tests came from both the instrumentation installed in the engine 

reported through the CANBUS system, and from additional sensors mounted outside the
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engine. All data were logged in a data acquisition system built using hardware developed 

by National instruments Inc., and Lab view VI software.

The data acquisition system was comprised of the sensors and transducers for the various 

parameters of interest, excitation power supplies, and a cabinet mounted National 

Instruments PXI chassis with supporting modules.

Transducers requiring external excitation were provided excitation from an auxiliary 24 

volt DC power supply or an internal 10 volt DC supply on a data acquisition module. 

Output from devices with a 4-20 milliamp current output was passed through a precision 

249 ohm resistor to generate a 1 -  5 volt DC signal. Voltage and current signal wiring 

was routed through an intermediate junction box in the data acquisition cabinet to 

facilitate troubleshooting and calibration. Thermocouple wiring was terminated at a 

thermocouple amplifier.

Figure 3.7: Terminal blocks of the data acquisition system



29

The data acquisition system was housed in a cabinet with the junction box and auxiliary 

power supply. The cabinet environment was moderated with a temperature controlled 

ventilation fan and vent supplying outdoor air. The temperature control was employed to 

prevent overheating of the data acquisition system caused by elevated temperatures in the 

generator enclosure.

Figure 3.8: Ventilation for data acquisition system

The National Instruments data acquisition system was comprised of the following:

1. PXI Chassis

PXI 1042 Pentium based chassis

PXI 4472 Dynamic signal acquisition module for vibration

PXI 8464 CANBUS data acquisition

PXI 6070E Input from auxiliary SCXI chassis



SCXI Chassis

SCXI 1120 Analog input 0-1OV DC (4 modules) 

SCXI 1121 Analog input 0-1 OV DC with excitation 

SCXI 1102 Thermocouple amplifier

Figure 3.9: PXI and SCXI chassis of the data acquisition system



31

Figure 3.10: Line diagram of the data acquisition system 

3.5 Performance testing instrumentation:

3.5.1 Air flow measurement:

Measuring the mass flow rate of air entering the engine intake manifold is one of the 

most important parameters in the performance evaluation of the engine operating on 

different fuels. A small error in this measurement can result in a major miscalculation in 

estimating various energy losses during the engine operation.

Volumetric flow rate of the intake air was measured using a laminar flow element 

(Model 50MC2-6) manufactured by Meriam process technologies, coupled with a HART 

differential pressure transmitter (600T EN series) manufactured by ABB automation.

The intake air line was modified from its initial configuration to accommodate the 

laminar flow element after the air filter. The differential pressure transmitter was fixed at
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right angles to the air line, and connected using a flexible hose through the high pressure 

and low pressure sensing ports.

3.5.2 Operating principle:

The basic principle of a laminar flow element is based on the fact that when a fluid is in a 

laminar flow regime, the pressure drop across the region is proportional to the mass flow. 

A mass flow measurement can be made by creating a region with a geometry intended to 

create laminar flow, then carefully calibrating the pressure drop across it. Typical laminar 

flow elements have a honeycomb internal structure to assure laminar flow. The pressure 

difference is measured using a differential pressure transducer connected to the laminar 

flow element. The pressure drop reading is converted into standard cubic feet per minute 

of air flow using the calibration plot provided by the manufacturer after incorporating 

correction factors for temperature/viscosity, ambient pressure and relative humidity, and 

subsequently to mass flow rate by multiplying by the density of air at the standard 

conditions as prescribed by the manufacturer. This laminar flow element provides a 

NIST traceable air flow measurement, provided the element remains free from 

obstruction.

Figure 3.11: Laminar flow element and differential pressure meter
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Periodic checks of the laminar flow element were made in order to ensure that its inside 

channels were free of dirt or dust. The differential pressure transmitter signal wire was 

directly connected to the DAQ for continuous monitoring and recording of air flow 

information.

At one point during the testing, the air filter plugged and collapsed, allowing a significant 

debris stream to enter the laminar flow element. The laminar flow element was shipped 

back to the factory for cleaning and recalibration before it was returned to service. The 

factory calibration sheet of the laminar flow element is attached in Appendix C.

The differential pressure transducer was calibrated both at ambient and operating 

temperatures, using an external calibrated manometer. The 4-20 milliamps signal of the 

transmitter was scaled for 0-4 inches of water column gauge pressure drop across the 

laminar flow element, corresponding to an air flow of 0-500 cfm.

Figure 3.12: Schematic of laminar flow element set up
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Because the accuracy of the air flow measurement depends on the accuracy of the 

differential pressure meter, special care was taken to assure that this device was 

accurately calibrated. This was done with an external calibration rig, using an air pump 

and a calibrated manometer. The air pump was connected to the high pressure sensing 

port of the differential pressure meter (DPM) with a T-joint in line, connected to the 

calibrated manometer to measure the exact pressure applied in inches of water column, 

while the low pressure sensing ports of both the DPM and the calibrated manometer were 

open to ambient conditions. During the calibration process the DPM signal output data 

were logged by running the Data acquisition VI, thus including all potential electronic 

errors in the measurement as well. Both the calibrated manometer reading and the DPM 

signal were compared to check the accuracy of pressure measurement.

The DPM was calibrated at the ambient conditions, while the engine was not operating. 

During the actual engine operation there was 2% fluctuation in the DPM signal, due to 

the variation in ambient temperature, finally resulting in 1.6% variation in the actual air 

flow measurement.

3.5.3 Differential pressure meter calibration procedure:

Figure 3.13: Schematic of DPM calibration set up
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3.5.4 DPM calibration results:

Table 3.1: Calibration data of DPM at ambient conditions

DAQ (inches of WC) Calibrated Manometer (inches of WC)

0.02 0

0.40 0.38

0.93 0.90

1.37 1.34

2.01 2.00

DAQ reading (inches of WC)

Figure 3.14: DPM calibration chart at ambient conditions

A trend line was fitted through the calibration data at ambient conditions. The R-square 

(regression) value of the fit was near one, indicating accurate functioning of the DPM.
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The difference in the DAQ reading and the actual pressure indicated by the calibrated 

manometer does not vary during ambient conditions. However a 1.6% fluctuation in the 

air flow was noticed during the actual engine operation, due to fluctuation in the 

differential pressure signal, which was in turn, due to the variation in ambient 

temperature.

3.6 Fuel flow measurements:

If engine efficiency is to be measured, the most significant measurement of all the testing 

work was measuring the mass flow rate of the fuel, since this single measurement 

determines the total energy into the system. A small error in this measurement will alter 

all the calculations and will eventually result in misinterpretation of the results.

Several different methods were used to measure the fuel flow rate to the generator.

1. A load cell was placed under the in service day tank to estimate the mass 

difference of the tank during the operation period to determine the mass flow rate 

of the fuel.

2. Engine CANBUS (Controller Area Network bus) 

[http://www.soundlabsgroup.com.au/canbus] data were retrieved from the engine 

console and were logged into the main DAQ to continuously record the 

instantaneous fuel flow rate. CANBUS is a serial communication bus which 

carries all the engine internal sensor signals to the main console, which manages 

the engine operation efficiently.

3. Flow measurements using Flow Scan fuel meters.

4. Differential pressure meter installed in the day tanks.

http://www.soundlabsgroup.com.au/canbus
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5. Long term volumetric metering using the bulk fuel tank meter.

Method 1: Load cell

A load cell is a transducer which converts load acting on it into an electrical signal 

[http://www.omega.com/prodinfo/loadcells.html]. The basic configuration consists of 

strain gauges constructed to form a Wheatstone bridge, with active gauges installed on 

the beams that are deflected by the load. Most of the load cells have a built in temperature 

compensating circuit to avoid inaccuracies due to change in ambient temperature, which 

work well as long as the load cell is in isothermal conditions.

Operating principle of the load cell:

Whenever the applied load deflects the beam of the active gauges, it produces a 

proportional change in the resistance of the strain gauge, which transforms the overall 

voltage output from the bridge circuit. The Wheatstone bridge circuit allows very small 

changes in resistance to be amplified into significant changes in output voltage. This 

change in voltage is calibrated to known loads, and recorded by the DAQ system.

fnfcermatS 
Tesm̂ >e?rarihsjre 

C o m p c n  SftKSqm

-o

W h e a lste n e  Circuit with C om p  e  n s e t  ion

Figure 3.15: Load cell circuit with temperature compensation

http://www.omega.com/prodinfo/loadcells.html
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For this test, an Omega tank weighing assembly load cell (Model no TWA5-2K) was 

purchased and placed under an edge of the day tank, with the opposite edge supported by 

the floor. The tank weighing assembly provides a flat rectangular plate, which is mounted 

on the load cell to position the day tank effectively. The mounting surface is self 

adjusting up to 2° and has a thermal expansion correction up to +/- 1/6”. Adequate 

measures were taken to ensure the day tank remained completely horizontal, using a level 

meter. The load cell was placed such that the total weight of the tank was evenly 

distributed between the supports.

Calibration Procedure:

Figure 3.16: Omega load cell assembly under the day tank

The load cell response was well calibrated by adding a fixed known quantity of the test 

fuel into the tank, without operating the engine, and the output from the load cell was 

recorded. Precautions were taken to maintain constant temperature during the calibration 

process. In spite of all the calibrations, the load cell response during the real time
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operation was problematic. The reason for this kind of behavior and steps taken to reduce 

their effect includes:

1. Engine vibrations during operation were found to affect the load cell response, with 

a small amount of distortion evident in its output. This effect was due to the direct 

contact of the load cell surface with the Conex floor. To minimize this effect, the 

day tank was placed on the rubber plane to absorb the surface vibrations.

2. The second parameter to affect the load cell operation was ambient temperature. 

The change in ambient temperature during generator operation was approximately 

20° C, causing a small drift in the load cell output. To rectify this problem, a heating 

tape was used to ensure constant temperature of 100° F around the load cell.

Even after employing all the above mentioned preventive measures to avoid errors, there 

was some residual drift in the overall fuel reading. In order to estimate the error 

percentage the load cell data was compared with the instantaneous fuel and total fuel 

readings of the engine CANBUS.

Method 2: Engine CANBUS data

Controller Area Network (CAN) is a serial communication protocol between the engine 

sensors and the main electronic console of the engine. The engine uses the CANBUS data 

to optimize its performance. The CANBUS data were accessed through a data port on the 

main console and converted into useful information using the J1708 to RS 232 interface 

provided by the Detroit Diesel manufacturers. CANBUS records many parameters related 

to the engine operation. In this test, all readable CANBUS signals were recorded into 

the main DAQ, including the instantaneous fuel flow rate in liters per hour, and the total 

fuel consumed by the engine, in liters.
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The CANBUS data were compared to the fuel consumption using two different methods:

1. Bulk tank metering system data were used over a period of time to compare with 

the total fuel consumption data as recorded by the CANBUS. This was a crude 

calibration, which resulted in a difference of 4.7% between the CANBUS and the 

logged fuel transfers from the bulk tank, which is within the accuracy range of the 

CANBUS i.e. +/- 5%.

Can bus fuel metered (liters)

Figure 3.17: CANBUS total fuel consumption calibration with bulk tank metered

fuel delivery to the day tank

3. A more accurate calibration procedure was designed to calibrate the CANBUS 

indicated instantaneous fuel flow rate. This set up included a 15 gallon capacity
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external fuel tank with a separate set of fuel transfer lines, later on merging into the 

common fuel transfer lines used by the engine. The external fuel tank was 

positioned on the load cell model No. LC 2-12x-2-60 (maximum capacity of 50 kg) 

manufactured by Omega instruments Inc., to measure the tank weight 

instantaneously using a digital output indicator. The 4-20 ma signal output was 

directly connected to the main DAQ for continuous recording of the data. A special 

fixture was designed to hold the fuel lines in such a way that they were externally 

supported so that the data reflected the actual fuel consumed by the engine.

Figure 3.18: CANBUS calibration set up

A separate test sequence was designed for the calibration, which included a 20 

minute warm up period for the engine, followed by periods of 12 minutes at each
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load, separated by short intervals to allow the engine to stabilize. Data were 

collected every second using a separate Lab View VI.

Each calibration cycle was repeated three to four times to check the precision of the 

measurement on all the fuels used during the experimental work, to see how the 

CANBUS data vary with different density fuels. Statistical analysis was done to 

compare the CANBUS indicated fuel flow with the load cell reading, to estimate 

the average difference between the readings at different loads for all the fuels used. 

Calibration charts were also plotted for different fuels. All the energy calculations 

are based on the CANBUS indicated fuel flow rate, after incorporating the 

correction factors measured by calibrating the fuel flow using the load cell.

Table 3.2: Percentage average error between the load cell and CANBUS reading

on conventional No.2 diesel

%

load

% error 

(run 1)

% error 

(run 2)

% error 

(run 3)

% error 

(run 4) %Avg.error Std.dev Exp.un

100 1.339 1.514 1.583 0.076 1.1 0.71 0.35

75 0.005 1.040 0.566 0.407 0.5 0.43 0.21

50 2.922 5.008 4.354 3.443 3.9 0.93 0.47

30 -2.747 -1.617 -4.428 -2.701 -2.9 1.16 0.58

10 1.438 2.258 1.947 0.391 1.5 0.82 0.41

% load = Percentage load applied on the engine through the load bank.

% error = Percentage difference between load cell reading and the CANBUS reading. 

% Avg.error = average of all the percentage errors.

Std.dev (<x)= standard deviation of % error.

Exp.un = experimental uncertainty = -^= .
VN

N = number of experimental runs.
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%Load

Figure 3.19: Percentage average error variation with percentage load 

for conventional No.2 diesel

Table 3.3: Percentage average error between the load cell and CANBUS reading

on Syntroleum diesel fuel

%

load

% error 

(run 1)

% error 

(run 2)

% error 

(run 3)

% error 

(run 4) %Avg.error Std.dev Exp.un

100 3.731 3.470 3.481 4.101 3.7 0.3 0.1

75 5.108 5.764 3.722 4.257 4.7 0.9 0.4

50 7.564 7.998 5.986 7.546 7.3 0.9 0.4

30 8.986 9.837 7.897 8.711 8.9 0.8 0.4

10 14.435 15.629 17.142 14.803 15.5 1.2 0.6
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% Load

Figure 3.20: Percentage average error variation with percentage load 

for Syntroleum diesel fuel

3.6.1 CANBUS resolution:

CANBUS reports the instantaneous volumetric flow rate of fuel in liters per hour, based 

on engine maps. However, it is discrete rather than continuous, and it is important to 

evaluate the resolution of the CANBUS data. For this, a single set of experiments were 

done by running the engine at five different loads.

The first significant part (whole number) and the decimal fraction of the data were 

separated to evaluate the minimum flow rate measured by the CANBUS.
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Data Points

Figure 3.21: CANBUS resolution chart

The minimum flow rate measured by the CANBUS from the above calibration chart was

0.05 L/hr, except that a few step increments like 0.3 and 0.65 were missing from the data. 

This resolution corresponds with the nominal resolution of the CANBUS system—this 

signal is a 16 bit signal (65536 steps) with a maximum value of 3212.75 1/hr, or a 

resolution of about 0.05 1/hr. This would indicate an uncertainty of about 1% at the 

lowest fuel measurements at flows of 6 1/hr.

The Omega load cell used for all the mass measurements was well calibrated using 

calibrated weights and also by measuring the mass of known volume of water, after 

calculating the density at a known temperature. The error in the load cell was estimated 

by comparing the measured mass and the actual mass and a nice calibration plot was 

generated with a linear fit. The R-square (regression) value of the linear fit was good 

enough to use the linear equation to calculate the actual mass from the measured mass.



Table 3.4: Load cell calibration data

Actual weight (gm) Measured weight (gm)

0 0.6

500 507.6

907.3 921.6

1407.3 1428.6

1814.6 1841.6

2268.5 2303.6

2314.6 2348.6

2768.5 2810.6

3175.8 3223.6

3675.8 3731.6

4083.1 4144.6

4583.1 4652.6

5974.95 6042

11949.9 12086

17924.9 18135

23899.8 24172

29874.8 30213

35849.7 36251
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Figure 3.22: Load cell calibration chart

3.7 Coolant flow measurements:

The volumetric flow rate of the coolant (antifreeze mixture) was measured using an 

Omega turbine flow meter (Model no FTB 720S) supplied by Omega Engineering Inc., 

which can measure the flow rates ranging from 2-150 GPM with an accuracy of +/- 1% 

FS (Full Scale) as prescribed by the manufacturer.

Operating principle:

The meter consists of a stainless steel body with drilled flanges on both sides. An opening 

is provided half way along this section to insert/remove the paddle wheel assembly. It is 

generally installed in a length of straight pipe to insure uniform flow through the paddle 

wheel, with ten diameters upstream and five downstream. Fluid flowing rotates the wheel
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which is fixed at right angles to the flow, which generates a pulse. This pulse is then 

converted in a signal conditioning unit to 4-20 mA signal which is calibrated by the 

manufacturer to read the flow in gallons per minute (GPM). This signal wire was 

connected to the main DAQ for continuous logging of the data.

Modular electronics for 
a wide range of applications
* Rate/Total and pulse output 
» Analog 4-20 mA
* Programmable pulse only
* Battery-powered totalizer

One-piece cast 5.S. 
insert removes - 
easily for service

Rugged cast housing

Rotor is the only 
moving part.

1SJ

■ i

_

Sapphire journal bearings 
for long life and tow minimum 
Sow

Fabricated 
’ stainless steel body 

150 lb. drilling flanges.

Figure 3.23: Schematic of omega turbine flow meter

The turbine flow meter was installed on the coolant input line of the engine between the 

coolant pump and the radiator with minor modifications made to the initial configuration.
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Figure 3.24: Omega turbine meter

3.7.1 Practical problems with coolant flow during engine operation:

The DDE-series 50 engine’s coolant loop includes a temperature controlled valve, which 

opens only when the coolant temperature inside the loop rises to 190° F. When the 

coolant is below this temperature the coolant is bypassed and recirculated in the engine 

jackets without entering the radiator. When the engine was operated at low loads, the 

coolant temperature did not go over 190° F. Therefore, there was no flow within the loop 

and the meter would indicate a zero reading. Using this system, it became very hard to 

estimate the heat rejected at low loads.

In order to measure heat rejected to the coolant loop at low loads, an alternate 

experimental set up was designed to estimate the energy absorbed by the coolant at all 

loads, and to calibrate the omega turbine meter as well.
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This experimental configuration bypassed the existing liquid-air heat exchanger (i.e. 

normal engine radiator) and diverted the coolant to a marine liquid-liquid heat exchanger 

(shell and tube heat exchanger), which uses tap water supplied from the building via a 

garden hose to cool the antifreeze mixture. This provided two independent measurements 

of the heat flux, with the water side of the heat exchanger providing an easy way to 

measure the heat transfer, as the tap water discharge could be easily diverted into a 

container of known volume, i.e., a 15 gallon trash can.

• •

( m C p  A T  ) coolant — { T̂Tl C^  A T  ) water ( 1 )

• •

) coolant =  ( m c p A T ) water /  (  )  coolant ( 2 )

The mass flow rate of the water flowing through the heat exchanger was measured using 

the Proteus flow meter of 10-60 gpm range, supplied by Proteus Industries. Its 4-20 mA 

signal was directly connected to the main DAQ for continuous logging. The specific 

heat of water was calculated at average temperature difference, from Figure 3-12 of 

Perry’s chemical engineers handbook, 7th edition, and specific heat of the coolant was 

also calculated from Figure 12-55 and Figure 12-56 of the same handbook at the 

operating temperature of 190° F. All the above referenced handbook data are included in 

Appendix C of the thesis for further reference. The inlet and outlet temperatures of both 

coolant and water were measured using Type K thermocouples.
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Figure 3.25: Liquid-liquid heat exchanger set up

After substituting all the measured and calculated values into Equation 2, it was possible 

to calculate the mass flow rate of the coolant. The calculated mass flow rate was then 

divided by density at the average temperature difference of the coolant, converted into 

volumetric flow rate, and compared to the flow rate indicated by the Omega flow meter, 

when the engine was operated at high loads. Both the values were of the same magnitude. 

This indicates that the mass flow rate of the coolant given by the Omega turbine meter is 

sufficiently accurate for our purposes.

The Proteus flow meter, which was used for measuring the water flow rate was calibrated 

using a stop watch and a standard volume. The average flow rate resulting from the 

calibration procedure was compared to the DAQ indicated flow rate derived from the 

voltage reading and an 18% difference was observed between the readings. This 

calibration factor was included in our DAQ system.
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Table 3.5: Proteus flow meter calibration data

Time (sec) Volume (liters) Flow rate (L/sec)

18.57 16.30 0.878

19.00 16.38 0.862

18.50 15.90 0.859

18.84 16.30 0.865

Average water flow rate was calculated using the above calibration data as follows:

Average flow rate = 0.866 L/sec = 13.72 GPM

Standard deviation ( a )  = 0.0081 L/sec 

Experimental uncertainty (or) calibration error

Where, N = number of experimental runs.

Average water flow rate derived from the calibration procedure = 13.72 GPM ± 0.5 %

Average flow rate indicated by the DAQ voltage reading = 16.8 GPM

Average percentage difference between the DAQ and the calibrated flow rate = 18 %

3.8 Exhaust flow measurements:

The mass flow rate of the exhaust was calculated by adding both the mass flow rate of the 

intake air and the mass flow rate of the fuel. Specific heat of exhaust was calculated by 

measuring the exhaust emissions data for all the fuels at five different loads. This value 

was verified by stoichiometric calculations based on complete combustion.

=-%= = 0.004 L/sec = 0.064 GPM 
VN



53

Procedure used for calculating exhaust gas specific heat from emissions data:

Measuring exhaust emissions involves measurements of exhaust constituent gases like 

carbon monoxide (CO), carbon dioxide (CO2), oxides of nitrogen (NOx), hydrocarbons 

(HC), water vapor (H2O) and nitrogen (N2), typically on volume basis. Later, the weight 

fraction of individual gases is multiplied by individual gas specific heat at a measured 

temperature and this procedure is repeated for all the constituent gases. Finally all these 

values are added together to calculate the specific heat of the mixture, and this procedure 

is repeated at five different loads. The average of all the five values is used to represent 

the exhaust gas specific heat, which was used in the final calculations.

The complete emission testing is reported in Telang (2005), and the interested reader is 

directed to that source for a more complete discussion of that work.

3.9 Measurement of physical properties:

Physical properties such as density, viscosity and cloud point were measured at the 

Energy Center and reported at ASTM prescribed standard temperatures. Properties such 

as lubricity and heat of combustion require more complex procedures. These properties 

are measured on a frequent basis by the petroleum industry, so in this work, we elected to 

use the services of a well established industry laboratory, namely Southwest Research 

Institute (SWRI), for these tests.

3.9.1 Density measurement procedure:

Density, by definition, is the measure of mass per unit volume. In this work a 2-liter 

calibrated volumetric flask was used for the volume measurement and a portable digital 

mass balance, which was capable of measuring to the nearest 0.1 gm, was used for the
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mass measurements, after calibrating it by measuring the density of water at ambient 

conditions.

Densities of all the fuels used during the experiment were measured at three different 

temperatures, selected to cover the entire temperature regime in which the fuel was 

tested. The coldest temperature was IO C, followed by ambient conditions, and a high 

temperature around 7 0 C .F u e l samples were cooled below 10°C using an ice bath and 

heated to over 70 C using an electric oven. The samples were well stirred to maintain a 

constant temperature throughout the mixture, and the sample volume was adjusted to the 

fill line indicated on the flask neck. Fuel temperature was measured using the 

thermocouple connected to the Omega process calibrator. All the mass measurements 

were made at ambient conditions to avoid the drift in the measured volume due to 

temperature change.

A trend line was fitted through the experimental data to get the correlation between the 

fuel temperature and fuel density, which can be used to predict fuel density at any desired 

temperature.

3.9.2 Viscosity measurement procedure:

Viscosity, which is defined as the fluid’s resistance to flow, was measured using a Wells- 

Brookfield cone/plate viscometer (model No. LVDV-11+).

Operating Principle:

The Wells-Brookfield Cone/Plate Viscometer is a precise torque meter which is driven 

at discrete rotational speeds. The torque measuring system, which consists of a calibrated 

beryllium-copper spring connecting the drive mechanism to a rotating cone, senses the 

resistance to rotation caused by the presence of sample fluid between the cone and a
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stationary flat plate.

The resistance to the rotation of the cone produces a torque that is proportional to the 

shear stress in the fluid. The amount of torque (N-m), viscosity (mpa.s), shear stress 

(N/m2) and shear rate (1/sec) are indicated on the digital display.

The stationary plate forms the bottom of a sample cup which can be removed, filled with

0.5 ml to 2.0 ml of sample fluid (depending on cone in use), and remounted without 

disturbing the calibration. The sample cup is jacketed and has tube fittings for connection 

to a constant temperature circulating bath.

The system is accurate to within ±1.0% of the working range. Reproducibility is to within 

±0.2%. Working temperature range is from 0°C to 100°C. 

[http://www.brookfieldengineering.com/products/laboratory/well.cfm]

3.9.3 Lubricity and heat of combustion:

As stated above, it was decided to evaluate these properties at South West Research 

Institute (SWRI).Lubricity of all the fuels used during the experimentation were 

evaluated as per the ASTM D6078 standard titled “Scuffing Load Ball on Cylinder 

Lubricity Evaluator” (SLBOCLE). Heat of combustion of the samples was evaluated as 

per ASTM D240-02 “Standard Test Method for Heat of Combustion of Liquid 

Hydrocarbon Fuels by Bomb Calorimeter”.

http://www.brookfieldengineering.com/products/laboratory/well.cfm
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Chapter 4: Test Fuels

Synthetic fuel produced by Syntroleum Inc. was supplied to the University of Alaska, 

Fairbanks in three shipments over the period of testing. Each batch of the fuel was 

different, Batch-1 was lighter and somewhat similar to No.l diesel, batch-2 branded as S- 

2, which was heavier than S-l and similar to conventional No.2 diesel and batch-3 was S- 

1 (Arctic grade), similar to S-l but designed to be used at extremely low temperatures.

Since the primary objective of the project was to evaluate the engine endurance while 

operating on synthetic fuels, the engine was operated on synthetic fuel during the 

instrument calibration period also. In addition to the endurance test, lubricity was 

measured for all the batches of fuel supplied by Syntroleum.

Table 4.1: Clean fuel operation cycle

Type of fuel
Total number of 

gallons burned
Hours of operation

Basic fuel 

description

S-l+S-2 

(Blend, Batch 1)
5090 gallons 783 hr

Lighter than No. 1 

diesel

S-2 (Batch 2) 6000 gallons 875 hr

Heavier than No. 1 

diesel but lighter 

than No.2 diesel

S-l (Batch 3- 

Arctic grade)
4530 gallons 710 hr

Lighter than No. 1, 

suitable for -60°C 

operation

All the final data on energy balance and engine performance of synthetic fuel were 

collected during the summer period, so conventional No.2 diesel supplied by a local
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Alaskan refinery was used as the base fuel for comparing the performance of synthetic 

fuels.

4.1 Test cycle sequence:

Testing of synthetic fuels was scheduled in several different phases over the 

experimental period.

Phasel: Break-in on conventional fuel: Some concern has been raised in the industry 

that engines that are broken in on conventional diesel fuels may experience adverse 

effects when switched to operating on synthetic fuels. The primary objective of the 

endurance test was to check the engine endurance on synthetic fuel, i.e., to run the engine 

on synthetic fuel and check for any detrimental effects or abnormal engine operation. 

This includes all the performance related parameters, wear characteristics of the 

components that depend on the fuel’s natural lubricity and also the maintenance issues of 

the plant. The normal engine break-in period for a brand new Detroit diesel series 50 

engine may require 5000 hrs of operation, but most of the initial engine wear occurs 

during the first 250 hrs. Based on this information, the first 250 hrs of engine operation 

was done using conventional diesel, procured from a local vendor. The engine was 

subjected to a variable load profile, varying between 60 kW and 120 kW in a sine wave 

pattern with a one-hour period.

Phase2: After the initial break-in period on conventional diesel, the engine was operated 

on Batch 1 fuel, a blend of Syntroleum S-l and S-2, for a period of 783 hrs during which 

a total of 5090 gallons of synthetic fuel was consumed at an average of 6.5 gallons/hr. 

Most of this operation involved the instrument calibrations. Later the engine was 

operated on Syntroleum S-2 synthetic diesel fuel for a period of 875 hrs continuously, 

during which a total of 6000 gallons of synthetic fuel was consumed at an average rate of
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6.85 gallons/hr. Over this period the engine was predominantly operated on a variable 

load profile.

Phase3: Batch 3 synthetic fuel, which is designed to operate at extremely low 

temperature, was tested during the winter time in the months of October and November 

2004. A total of 710 hrs of operation were logged, during which 4530 gallons of fuel 

were consumed at an average of 6.38 gallons/hr. During this period also the engine was 

operated on variable load profile.

Completion of the 2000 hour test at the university was driven by the need to complete 

testing before December 1, 2004, to allow the bulk fuel tank to be used in another 

demonstration project at the Fairbanks North Star Borough, using Arctic Grade fuel in 

buses during the cold winter months. While it was hoped that sufficient high quality data 

could be collected during the 2000 hour test to evaluate emissions and performance data, 

some issues with instrumentation calibration were unresolved at the end of this test. 

However, sufficient fuel was retained by the university in the day tank to allow the 

engine testing to continue after the bulk fuel tank was moved.

Most of the data used in this thesis was collected during the post endurance test phase by 

operating the engine at five different loads, in a pattern similar to that required by EPA 

emissions testing.

Careful precautions were taken when changing the fuels, such as running the engine on a 

mixture of fuels for a number of cycles by simultaneously diluting the mixture with the 

next fuel to be operated, such that all the previously used fuel was completely burned out.
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4.2 Test protocol for energy balance data:

Sufficient time was allowed for the engine to warm-up and to reach a steady state 

condition after the initial start up. After the engine was warm, the engine was operated 

on a desired steady load for a period of fifteen minutes, such that the engine would 

stabilize at the applied load. Subsequently final data were collected by running the engine 

at a steady load over a period of one hour, a data point was recorded every ten seconds 

using the Lab view vi, such that a total of 360 data points were logged into the DAQ at 

each load for all the fuels.

Time (minutes)

Figure 4.1: Test cycle profile for energy balance data collection

In Figure 4.1, “a” represents the warm up period of the engine, “b” is the shifting period 

between the normal load and the desired load, (the load at which we would record the 

data), “c” is the stabilizing period on the desired load, “d” is the period of actual data 

collection and “e” is the load shifting period leading to the idle condition.
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An average of these 360 data points was used to represent the engine behavior at the 

applied load for a specific operating fuel. This protocol was repeated at five different 

loads, for all the fuels used during the experiment. Sufficient lead time was maintained 

for the engine to stabilize between the load shifts and fuel changes.



61

5.1 Measured physical properties results of different fuels:

Synthetic diesel fuels represent a new type of fuel, and differ from conventional distillate 

fuels. The changes in physical properties of these new fuels could affect the performance 

of engines, especially if the physical properties of the fuel affect engine calibrations. For 

this reason, physical properties of the fuels, including density, viscosity, and heating 

value, were carefully measured.

5.1.1 Density:

Densities of Syntroleum S-l and conventional No.2 diesel were measured at different 

temperatures and a linear fit was made through the experimental data, to include the fuel 

density variation with temperature in the performance evaluation of these fuels. These 

data are shown in Figures 5.1 and 5.2 and the corresponding tables. Note that the linear 

equation fitted through the experimental data has an R2 = 0.99, indicating a good linear 

fit.

Test fuel densities were then determined at the ASTM prescribed standard temperature of
O

15 C. These values were compared with the available technical research data on synthetic 

fuels.

Chapter 5: Results and Discussion
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Temperature(Deg C)

Figure 5.1: Density variation of conventional No.2 diesel fuel with temperature

Table 5.1: Density variation of conventional No.2 diesel fuel with temperature

Temperature (Deg C) Density (lb/gallon) Density (gm/cm3)

1.60 6.971 0.8353

26.1 6.842 0.8199

29.4 6.817 0.8169

75.8 6.544 0.7842
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Temperature (Deg C)

Figure 5.2: Density variation of Syntroleum S-l synthetic diesel fuel with temperature

Table 5.2: Density variation of Syntroleum S-l diesel fuel with temperature

Temperature (Deg C) Density (lb/gallon) Density (gm/cmJ)

1.40 6.414 0.7686

27.6 6.272 0.7516

66.2 6.027 0.7222
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Figure 5.3: Density comparison of different fuels at the ASTM standard prescribed

temperature of 15 C

From the above measurements it’s apparent that the Syntroleum synthetic fuel density is 

low when compared to that of the No.2 diesel at the standard temperature. The measured 

density of Syntroleum S-l was compared with the results of research carried out on 

synthetic fuels of similar composition [Morgan et al., 1998; Alleman and McCormick, 

2003; Frame et al., 2004]. Their results agreed within ±1% .
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5.1.2 Viscosity:

■  No.2 Diesel □  Syntroleum S-1 

3.5 -----------------------------------------------------------------------— -----------------------------

Type of Fuel

Figure 5.4: Kinematic viscosity of fuels at ASTM standard prescribed

temperature of 40 C

Figure 5.4 shows that the measured kinematic viscosity of Syntroleum S-l synthetic fuel 

is low when compared to that of the conventional No.2 diesel fuel. The results were 

compared to the data provided by the manufacturer and were found to be within the range 

given in the specification sheet.
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5.1.3 Lower heating value:

The heating value is one of the important fuel properties for comparing the performance 

of different fuels. Conventional No.2 diesel heating value was obtained from the 

alternative fuel database of the National Renewable Energy Laboratory 

[http://www.nrel.gov/vehiclesandfuels/apbf/progs/searchl.cgi] and the Syntroleum S-l 

value was measured by SWRI according to ASTM D4809.

The Syntroleum S-l heating value was found to be very close to that of conventional 

No.2 diesel. Results of the heating value measurements were compared to the product 

specification data provided by the manufacturer, to validate the results. The lower heating 

value of the Syntroleum S-l synthetic diesel fuel was measured by SWRI as per the

http://www.nrel.gov/vehiclesandfuels/apbf/progs/searchl.cgi
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ASTM D4809 standard; a copy of the original result sheet is attached in Appendix C for 

further reference.

5.1.4 Cloud point:

o
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Figure 5.6: Cloud point of different fuels as per ASTM D2500

Figure 5.6 shows that Syntroleum S-l has a lower cloud point, than conventional No.2 

diesel. This suggests that synthetic S-l fuel can be used in extreme environments, without 

any cold flow problems.

Cloud point data of conventional No.2 diesel were taken from Morgan et al., 1998 and 

Syntroleum S-l data were retrieved from the product specification sheet provided by the 

manufacturer.

Type of Fuel
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5.1.5 Lubricity:
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Figure 5.7: Scuffing load of various batches of synthetic fuels as per ASTM D6078

Table 5.3: Lubricity of synthetic fuels as per ASTM D6078

Date of testing Type of Fuel SLBOCLE (gm)

8/19/04 Syntroleum S-l (Batch -1,Sample-1) 2850

9/17/04 Syntroleum S-2(Batch-2,Sample-l) 3400

10/14/04 Syntroleum S-l (Batch-3,Sample-1) 2600

10/21/04 Syntroleum S-l (Batch-1,Sample-2) 2950

11/30/04 Syntroleum S-2(Batch-2,Sample-2) 3850

Evaluation of the synthetic fuel lubricity was considered to be an important part of this 

study, as conventional fuels exhibit excellent lubricity due to the natural lubricating 

properties of sulfur containing compounds, but fuels lacking sulfur are known to be low

□  Syntroleum S-1 ( B -1 ,S-1) 
m Syntroleum S-2(B-2,S-1) 
E3 Syntroleum S-1(B-3,S-1)
□  Syntroleum S -1 (B-1 ,S-2) 
0  Syntroleum S-2(B-2,S-2)
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in lubricity. However, fuel suppliers have developed lubricating packages intended to 

address this problem. Syntroleum indicated that they considered the lubricity additive 

package they have developed for their fuel to be one of their most important advantages 

in the commercial market. The most significant test of the adequacy of the fuel lubricity 

was considered to be the 2000 hour test, given the known sensitivity of the Detroit Diesel 

electronic injectors to wear. The successful completion of this test, followed by 

inspection of the injectors, revealed no significant wear to these parts, and therefore 

verified the adequacy of the lubricating package.

However, we also conducted a scuff ball test on each lot of the fuel to evaluate the 

relative lubricity of each batch of fuel. The scuff ball test is considered to be a good short 

term test to measure fuel lubricity, but significant controversy remains within the fuels 

industry with regard to the value of the test. The Engine Manufacturers Association 

(EMA) recommends 3150gm of minimum scuffing load for diesel fuels as per Scuffing 

Load Ball on Cylinder Lubricity Evaluator (ASTM D6078 standard), but a thorough 

literature review on the lubricity of synthetic fuel suggest that a scuffing load between 

2500—3000 gm does not necessarily indicate inadequate lubricity, as many of the 

previous researchers mention this as the transition range from poor to good.

Figure 5.7 indicates that the Syntroleum S-l fuel lubricity is below the EMA 

recommendation and in the range of questionable lubricity, and S-2 is slightly over the 

specified limit, indicating adequate lubricity. We discussed these results with 

representatives from Syntroleum, especially noting that while the S-2 fuel was 

comfortably in the well lubricated range, there may be a need to keep an eye on the 

lighter S- l grade. We were assured that Syntroleum is aware of the spread in lubricity as 

evaluated by the scuff ball test, but are confident of their fuel in field applications, due to 

other testing in sensitive equipment. Lubricities of all the fuel samples were evaluated by 

SWRI as per the ASTM D6078 standard. Copies of all the original results are attached in 

Appendix C.
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5.2 Mass and energy balance:

One way of evaluating the accuracy of instrumentation calibrations is to complete a mass 

and energy flow balance on a system. If the energy entering the system can be balanced 

with the energy leaving the system, then confidence can be placed on the measured 

efficiencies. Energy enters the system in the form of fuel flow, and leaves the system as 

electrical power (useful work), heat in the water jacket, heat dumped to the environment 

in the turbo after cooler, sensible heat in the combustion exhaust, and convection and 

radiation of heat. Of these, the energy lost by convection and radiation are the most 

difficult to measure directly, but the others can be measured directly.

5.2.1 Energy balance at various loads for different fuels:

Figure 5.8: Energy balance of conventional No.2 diesel at varying loads
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Figure 5.9: Energy balance of Syntroleum S-l synthetic fuel at varying loads

Table 5.4: Energy balance of various fuels at different loads

Type of fuel

Type of Energy % Power % Exhaust % Coolant % After Cooler %Total

Energy% Load

No.2 Diesel

10 26 31 19 4 80

30 36 31 18 3 88

50 39 32 18 4 93

75 39 33.7 18.5 4.8 96

100 39 35 18 5 97

Syntroleum S-l

10 27 33 20 4 84

30 37.5 32.7 20.7 3.2 94.1

50 39 33 20 4 96

75 39 35 19 5 98

100 39 36 19 6 100
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The present study accounts for four different types of energies for the energy balance on 

the fuels tested. From Figure 5.8, Figure 5.9 and Table 5.4 we conclude that there were 

no significant differences between the conventional No.2 diesel and the Syntroleum S-l 

from the energy balance point of view, considering the experimental uncertainty in each 

of these measured energies.

A detailed energy balance procedure and sample energy balance data sheets are attached 

in Appendix A for further reference.

5.3 Engine performance results on different fuels:

Figure 5.10: Air-fuel ratio variation with load for different fuels
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Figure 5.11: Percentage average thermal efficiency variation with load for different fuels

Figure 5.12: BSFC variation with load for different fuels
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Table 5.5: Engine performance parameters of various fuels at different loads

Type of Fuel Parameter Air-fuel ratio % Thermal Efficiency BSFC (gm/kW-hr)

% Load

No.2 Diesel

10 77 26 308

30 47 36 225

50 34 39 208

75 27 39 208

100 24 39 211

Syntroleum S-l

10 76 27 302

30 48 37.5 218

50 34 39 208

75 27 39 208

100 25 39 208

Engine performance on two different test fuels was compared on the basis of air-fuel 

ratio, thermal efficiency, and brake specific fuel consumption. Performance results shown 

in Figure 5.10 suggest that there is negligible variation in the air-fuel ratio of the engine 

when operated on either conventional No.2 or Syntroleum S-l diesel fuel at different 

loads. However, slightly higher thermal efficiencies and slightly lower brake specific fuel 

consumption rates were observed with the use of Syntroleum S-l synthetic diesel fuel 

when compared to the conventional No.2 diesel at all the loads, as evident from Figure 

5.11 and Figure 5.12. However these variations were insignificant within the margin of 

experimental uncertainty involved in measuring these parameters. These results indicate 

that the synthetic fuels have no detrimental effects on the engine performance.
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5.4 Error analysis:

In any engineering or scientific measurement, a value is determined, but uncertainties 

enter the measurement. Error analysis is defined as the study of uncertainties in 

measurements, and was performed in detail for this work, yielding a listing of the 

percentage uncertainties in the scientific instrumentation used over the period of the 

experiment. The uncertainties in different kinds of instrumentation used on the test bench 

were determined either by using the factory calibration or by bench calibration at the 

Energy Center.

The overall uncertainty in the energy balance was also determined, using the percentage 

uncertainties in each of the individual energy measurements contributing to the overall 

energy balance study.

Table 1 presents experimental uncertainties in the instrumentation used for measuring 

different parameters in the energy balance. These uncertainties are used in calculating the 

experimental uncertainties in different types of measured energies.

Experimental uncertainties in different energies measured in the energy balance study 

were calculated by using the rule of uncertainties of products and quotients, as described 

by Taylor (1939)

According to the above mentioned rule, if the physical quantity measured is a product of 

multiple measured quantities, then the overall uncertainty in the physical quantity 

measured is the square root of the sum of the squares of each of the individual 

uncertainties, expressed mathematically as follows

If, q=xxyx z and suppose that x,y, z are measured with uncertainties of

dx,dy, dz
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Then overall fractional uncertainty in q is the sum in quadrature of the original fractional 

uncertainties

8q

q
rf—Y

k X  j

+ . .+

Table 5.6: Experimental uncertainties in the instrumentation

Instrument Manufacturer Purpose Calibration
Experimental

uncertainty

Laminar flow 

element

Meriam Process 

Technologies

Air flow 

measurement

Factory

calibrated

NIST

Traceable

± 0.72 %

Differential 

pressure meter

ABB

Automation

Differential 

pressure across 

laminar flow 

element

Bench

calibrated
±1.6%

Mass scales
Omega

Instruments

Mass flow of 

fuel

Bench

calibrated
±0.02%

Proteus flow 

meter

Proteus

Industries

Volume flow 

rate of water

Bench

calibrated
±0.5%

Load bank
Simplx 

( Loadtec)
Engine load

Factory

calibrated
±1%

Thermocouple
Omega

Instruments
Temperature

Factory

calibrated

o
±1 C
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Table 5.7: Experimental uncertainties in different measured energies used in calculating

the energy balance

Measured energy Experimental uncertainty

Electrical energy (Power output) ±1%

Exhaust energy ±1.6%

Coolant energy ±3.7%

After cooler energy ±1.9%

Total energy balance ±4.5%

In addition to the measurements made on the test bed, we recognize that there are losses 

due to radiation and convection from the engine surface, and loses in the electrical 

generator, that have not been included in the energy balance. We estimate these losses to 

be on the order of 7-10%.
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Chapter 6: Conclusions and Future Work

Based on the work conducted during this research project, the following conclusions have 

been reached:

1. A long term engine endurance test was performed on the synthetic fuels 

manufactured by Syntroleum Corporation. In the 2250 hr testing period, the 

engine performed well, without any failures or breakdowns associated with the 

use of synthetic fuels. This result increases confidence that synthetic fuels can 

be used in the existing engines without any further modifications.

2. Most of the important physical properties of the Syntroleum synthetic fuel were 

measured and compared with the conventional No.2 diesel as per ASTM 

standards to check there compliance with the available standards. Synthetic fuel 

was observed to have suitable physical properties and to be chemically stable 

over the 2250 hr testing period, and to exhibit good cold flow properties.

3. Syntroleum synthetic diesel fuel lubricity was tested according to the ASTM 

D6078 (SLBOCLE) test method. The scuffing load of the synthetic S-2 was 

adequate but that of S-l fuel was slightly lower than the value recommended by 

the Engine Manufacturer’s Association (EMA). However, the engine performed 

well without any signs of injector wear or any other detrimental issues over the 

2250 hr test period.

4. An energy balance study was performed on Syntroleum S-l and conventional 

No.2 diesel at different loads to verify the change in the energy distribution with

6.1 Conclusions:
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the use of new synthetic fuels, which also helps to estimate the potential heat 

recoverable from various modes of heat losses in the system.

5. The test bed engine performed well on the synthetic fuel without any significant 

variation in the air-fuel ratio, thermal efficiency and brake specific fuel 

consumption, when compared to its operation on conventional No.2 diesel and 

considering the margin of experimental uncertainty involved in measuring these 

parameters. Engine performance and energy balance on synthetic fuels was very 

comparable to its operation on conventional No.2 diesel. This suggests that 

conventional fuels can be replaced with new synthetic fuels, without any 

significant variation in the engine performance.

6. CANBUS data were successfully recorded using the test bed data acquisition 

system, and fuel flow rate data indicated by the CANBUS was well calibrated at 

different loads for all the fuels tested during the experiment. This indicates that 

CANBUS data are suitable for building a low cost remote monitoring system 

for power plant maintenance.

6.2 Future work:

1. The development of the stationary power test bed at UAF will allow testing of 

additional fuels, including low sulfur diesel (15 ppm EPA 2007 standard) and 

bio-diesel fuels, such as fish oil bio-diesel. Coal based synthetic diesel fuels 

may also be tested.

2. Evaluation of SCADA (Supervisory Control and Data Acquisition) systems may 

also be undertaken.
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3. The synthetic fuel lubricity study can be further extended by testing the fuel 

samples using alternative test methods like the High Frequency Reciprocating 

Rig Test (ASTM D6079), Falex Pin-on-Vee, Bosch Ball on Disc Test, etc. A 

more rigorous experimental set up like the Bosch 2000 hr Pump Test can be 

performed to establish the fact that the new synthetic fuel has adequate lubricity 

to meet the recommended EMA requirements.

4. The scope of the energy balance can be further extended, to include the 

convective and radiation losses of the engine.

5. The present test bed uses a constant rpm engine, mostly suitable for stationary 

power generation applications; testing can be further extended to variable rpm 

engines, to check the feasibility of using synthetic fuels for ground 

transportation vehicles also.

6. The Controller Area Network Bus (CANBUS), which provides a lot of engine 

operating parameters, needs more investigation to potentially use all the 

indicated parameters to build various correlations to remotely monitor the 

engine operation. The objective would be to build a low cost remote monitoring 

system for power plant applications.
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Appendix A 

A.O Mass and energy balance procedure:

The energy balance for the diesel engine is measured by comparing all mass and energy 

inputs and outputs. According to the conservation of mass and energy, mass entering the 

system must be equal to mass leaving the system and energy flow in must be equal to 

energy flow out. In Figure A .l, we can see that mass entering the system is the sum of 

both mass of fuel entering the system and mass of air entering the system, while the mass 

leaving the system is the mass of the combustion products. Similarly, from Figure A.2, 

we can see that in a diesel engine, the only form of energy into the system is in the form 

of the chemical energy contained in the fuel, while the output energy is in the forms of 

useful work (electrical power), heat in the jacket water, heat rejected in the turbo after 

cooler, sensible heat rejected in the exhaust, and heat lost to convection and radiation.

Figure A.l: Mass balance of engine control volume
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The overall mass and energy balance can be stated mathematically as follows:
• • • •

mm = mout (For mass balance) and Q jn = Qnut (For energy balance)

Where,

rriin, is the mass entering the system, which the sum of both mass of fuel entering the

system and mass of air entering the system, i.e.
• • •

rrim = m f + m a

Where,

mf = Mass of fuel entering the system

ma -  Mass of air entering the system

mOM , is the mass leaving the system, which is the sum of the masses of the product gases,

i.e.
• •

m ou, =  m cp

mcp = mass of the combustion products

Stoichiometry of normal diesel fuel is studied by considering it to be C 12H26 (dodecane) 

under the assumption that the fuel is completely combusted.

C i2H26 + a (0 2 + 3.76 N2) —► b C 0 2 + c H20  + d N2

Applying the conservation of mass principle to the carbon, hydrogen, oxygen, and 

nitrogen respectively gives

C: b = 12

H: 2c = 26

O: 2b + c = 2a

N: d = 3.76a
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Solving these equations we get, a = 18.5, b = 12, c = 13, d = 69.56. The balanced 

chemical equation is

C i2H26 + 18.5 (0 2 + 3.76 N2) — ►12 C 0 2 + 13 H20  + 69.56 N2

From the above chemical equation, its clear that 1 mole of diesel fuel combines with 18.5 

moles of air, resulting in 12 moles of carbon dioxide, 13 moles of water and 69.56 moles 

of nitrogen as combustion products, under the assumption of complete combustion.

On a mass basis,

rrim = mass entering the system = mass of 1 mole of Ci2H26 + mass of 18.5 moles of air 

Mass of 1 mole of Ci2H26 = 170.33 gm

Mass of 18.5 moles of air = 18.5 x molecular weight of air = 2540.37 gm 

Therefore, m in = 170.33 + 2540.37 = 2710.7 gm ~ 2.7 kg

m 0ut = mass leaving the system

= mass of 12 moles of carbon dioxide + mass of 13 moles of water + 

mass of 69.56 moles of nitrogen

= 12(44.01) + 13 (18.02) + 69.56 (28.01) = 2710.7 gm ~ 2.7 kg 

• •

Therefore m,„ = m„u, = 2.7 kg, which proves the principle of mass conservation.

Stoichiometry of normal diesel fuel was studied in detail, to calculate the stoichiometric 

air-fuel ratio and also to get an estimate of specific heat of exhaust gas mixture, which 

will be explained in Section A.I.
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The stoichiomteric air-fuel ratio on a molar basis, from the above mentioned chemically 

balanced equation is:

AF  = Mass of air in kmol / Mass of fuel in kmol 

= (18.5 + 18.5(3.76))/1 = 88.06
kmol (fuel)

The air-fuel ratio can also be expressed on mass basis as

AF = AF  x [Molecular weight of air/ Molecular weight of fuel]

kg (air)

AF = 88.06 x
28.97-

kmol(air)

170.33- kg (fuel) 
kmol (fuel)

= 14.9 kg (air) 
kg (fuel)

Therefore the stoichiometric air-fuel ratio is rounded to 15:1
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Figure A.2: Energy balance of engine control volume 

• •
From Figure A.2, for energy balance, Qm =

Where,
• •

Qin = Q f e =  Energy produced by the combustion of fuel =  Input Energy

• •

Input Energy =Qin = mf x  L.H.V where, 

mf  = Mass flow rate of the fuel (lb/hr)

L.H.V = Lower heating of the fuel (Btu/lb) [measured by SWRI as per ASTM D4809]

Qin = Energy input (Btu/hr)

• •
mf  = V f X p f
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Where,

Vf = Volume flow rate of the fuel (gallons/hr)

p f  = Density of the fuel (lb/gallon)

• • • • • •

Energy output = Qout = Q P + Q E+ Q c + Q AC

Where,
#

Qp = Output power (Btu/hr)

Q e -  Exhaust Energy (Btu/hr)

Q c = Coolant Energy (Btu/hr)

Q AC = After Cooler Energy (Btu/hr)

Q cr = Convection and Radiation Energy (Btu/hr)

Output power = Q p = Load on the engine (Btu/hr)

Load on the engine = generator power output + power loss in the generator

Generator power output is a direct reading from the load bank, whereas power loss in the 

generator is calculated based on the efficiency of the generator as supplied by the 

manufacturer.

• •

Exhaust energy = Q E = meX cpex ( r &A -Tamb)

From conservation of mass, the total exhaust mass is the sum of the air and fuel entering

the engine, i.e.
• • •

m e = m.f + m a
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Where,

m,f = Mass flow rate of fuel (lb/hr) 

m a = Mass flow of air (lb/hr)

• •

ma = Mass flow of air = vax p a

Where,

va = Volume flow rate of air (cfm) 

p a = Density of air (lb/ft3)

cPe = Specific heat of exhaust (Btu/lb-°F)

Texh = Exhaust temperature (°F)

Tamh = Ambient temperature (°F)

Note A. 1: The specific heat of exhaust was calculated, based on the calculated enthalpies 

of different constituent gases in the exhaust mixture using the NIST correlations 

at a particular load for a specific test fuel, This value was also verified by 

calculating the specific heat of exhaust mixture using the diesel stoichiometry. 

This calculation is explained in a detailed manner in the following sections.

• •

Coolant energy =  Qc = mcx c pCx{TCoul -TCin)

Where,

me = Mass flow rate of coolant (lb/hr)



88

cpC = Specific heat of coolant (Btu/lb-°F)

TCout = Coolant out temperature (°F)

Tan = Coolant in temperature (°F)

Note A.2: The specific heat of the coolant was calculated using a correlation between 

specific heat, mixture ratio and temperature, from Figure 12-55 of Perry’s Chemical 

Engineer’s Handbook 7th edition. The Mixture ratio was calculated using the correlation 

between specific gravity, mixture ratio and temperature from Figure 12-56 of Perry’s 

Chemical Engineer’s Handbook 50th edition. Specific gravity of the coolant mixture was 

measured at a standard temperature of 60°F (15°C). All the above mentioned figures 

from Perry’s Handbook are attached in Appendix C.

• •

After Cooler Energy = Q AC = max c pax(Twul -Tinair)

Where,

m a = Mass flow rate of air (cfm) 

cpa = Specific heat of air (Btu/lb-°F)

Ttout = Turbo outlet air temperature (°F)

TMr = Intake manifold air temperature (°F)

Note A.3: The specific heat of air at standard conditions was calculated using data from 

Table 1-1 of the CRC Handbook of Applied Engineering Science, 2nd edition.

Convection and radiation energies ( Q CR) were unaccounted in this study.
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A .l Procedure to calculate the specific heat of the exhaust mixture for different 

fuels: 

A.1.1 Basic procedure:

The specific heat of exhaust gas, which is used in measuring the sensible heat in 

combustion exhaust, was calculated by adding the enthalpies of the exhaust constituent 

gases at the measured ambient temperature. Enthalpies of each of the constituent gases 

were calculated based on the polynomial developed by NIST (National Institute of 

Standards and Technology), with different correlation coefficients for each specific 

constituent gas in the mixture.

The NIST equation for calculating enthalpies at different temperatures for different gases 

was as follows

Hexh -  H298.15 = Axt + Bxt2/2 + Cxt3/3 + Dxt4/4 -  E/t + F -  H (Shomate equation)

Where, Hexh = Enthalpy at the exhaust temperature

H298.15 = Enthalpy at the standard ambient conditions of 25° C or 298.15 K 

t = temperature (K)/ 1000

A, B, C, D, E, F, H are correlation coefficients different for different constituent 

gases existing in the mixture.

All the enthalpy correlation coefficients were obtained from an online NIST source after 

typing the gas formula and selecting the gas phase data option at the following link: 

[http://webbook.nist.gov/chemistry/form-ser.html],
o

Since the ambient temperature inside the Conex was over the standard temperature of 25 

C, enthalpies of the constituent gases was also calculated at the measured ambient

http://webbook.nist.gov/chemistry/form-ser.html
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temperature, so that the difference of the two calculated enthalpies will result in the 

actual enthalpy required for the calculation, i.e.,

Hexh — Hmeastan =  (Hexh- H298.15 ) — (Hmeastan- H 298.15)

Where, H exh = Enthalpy at the exhaust temperature

Hmeastan = Enthalpy at the measured ambient temperature inside the Conex 

H298.15 = Enthalpy at the standard ambient conditions of 25° C or 298.15 K

Sensible heat in combustion exhaust could have been calculated by multiplying the 

calculated enthalpy and the measured mass flow rate of the exhaust, i.e.,

Qexh Wlexh ( H  ex̂  H meas tan )

Where, m exh = mass flow rate of exhaust (lb/hr)

( H exh~ H measmi)= calculated enthalpy change between a specific exhaust

temperature and measured ambient temperature inside 

the Conex

The overall energy balance was based on the average of 360 data points at an individual 

load for a specific test fuel, so it was difficult to incorporate the enthalpy correlation 

developed by NIST into the actual Excel sheet, which calculates the overall energy 

balance.

Instead, sensible heat in the exhaust was calculated using a constant specific heat of 

exhaust at an individual load for a specific test fuel, i.e.,

Qexh = rtlexh'X cpe x (Texh -  Tamb)

Where, Qexh = sensible heat in the exhaust (Btu/hr)

mexh = Mass flow rate of exhaust (lb/hr)
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cpe = Specific heat of exhaust (Btu/lb-°F)

Texh = Exhaust temperature (°F)

Tamb = Ambient temperature (°F)

Here the specific heat of the exhaust was calculated by equating the calculated enthalpy 

to the product of specific heat and measured temperature difference between the exhaust 

stream and the ambient air inside the Conex, i.e.,

(  t’.xh meas tan  ̂ ^ 'p e ^ '^ J 'e x h  ^am h  1

£ _ )

Using a constant specific heat value for calculating sensible heat in exhaust at a particular 

load for a specific test fuel is justified in our case, because the variation in the 

temperature difference between the exhaust and the ambient air was very small at around
O

3 C at a particular load. However, different specific heat values were calculated at various 

operating loads for different test fuels used in the experiment, using the same procedure 

outlined in the previous paragraphs for the calculation of sensible heat in the combustion 

exhaust.

A sample specific heat calculation sheet for conventional No.2 diesel, with the engine 

operating at 100% load, is explained in detail for a clear understanding of the procedure. 

Also, tables show the variation of specific heat with load for different types of test fuels 

used in the experiment. These values were actually used in the calculation of sensible 

heat in the combustion exhaust.
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A. 1.2 Calculation of the specific heat of the exhaust for conventional No.2 diesel:

To calculate the specific heat of the exhaust mixture, it was necessary to measure the 

percentage of different constituent gases in the exhaust mixture. Exhaust constituent 

gases like nitrogen (N2), oxygen (O2), water vapor (H20), carbon dioxide (CCF), carbon 

monoxide (CO) and Nitric oxide (NO) were the major constituents of the exhaust mixture 

and were measured using the emissions analyzer at five different loads for each of the 

different fuels used during the experiment. The emissions analyzer actually measures the 

gases in terms of volume percentages, which were later converted into mass percentages 

by multiplying the respective volume percentages with the respective weight fractions of 

the constituent gases.

The next step was to calculate the enthalpies contributed by different constituent gases to 

the mixture. For that we used enthalpy correlations developed by NIST. The correlation 

for different gases is the same but the correlation coefficients vary as the gas changes. 

Table A-l outlines the NIST correlation coefficients (A, B, C, D, E, F, G, and H) for 

various constituent gases.

Table A .l: NIST correlation coefficients for constituent gases in the exhaust mixture

Type of 

gas

A B C D E F G H

n 2 26.092 8.2188 -1.976 0.1593 0.044 -7.989 221.02 0

o 2 29.659 6.13726 -1.187 0.0958 -0.22 -9.861 237.948 0

h 2o 30.092 6.83251 6.793 -2.5345 0.0821 -250.9 223.3967 -242

(S0u

24.997 55.187 -33.69 7.9484 -0.137 -430.6 228.2431 -394

CO 25.567 6.09613 4.054 -2.6713 0.131 -118 227.3665 -111

NO 23.834 12.5888 -1.139 -1.4975 0.214 83.36 237.1219 90.29

Enthalpies contributed by various constituent gases at the standard ambient condition of
O

25 C were calculated by using the following NIST correlation, which uses the above 

correlation coefficients for different constituent gases.
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Hexh _ H298.15 = Axt + B xr/2  + Cxt3/3 + Dxt4/4 -  E/t + F -  H (Shomate equation)

Where, Hexh = Enthalpy at the exhaust temperature

H2 9 8 15 = Enthalpy at the standard ambient conditions of 25° C or 298.15 K

t = temperature (K)/ 1000

A, B, C, D, E, F, H are correlation coefficients, as in Table A .l, different for 

different constituent gases existing in the mixture.

Enthalpies calculated by using the Shomate equation for different constituent gases, with 

the engine operating at 100% load on conventional No.2 diesel, are given in Table A.2

Table A.2: Enthalpies of the constituent gases at 25° C for conventional No.2 diesel, with

100% load on the engine

Type 

of gas

Exh.

Temp

(°C)

Exh.

Temp

(K)

Exh.

Temp

(K/1000)

Enthalpy change 

(100% gas) 

(kj/mol)

(Hexh'Hjian)

Enthalpy

change

(kJ/kg)

Enthalpy

change

(Btu/lb)

Measured gas 

percentages

Weight

fraction

of

individual

gases

Mass 

percent of 

individual

gases

Actual 

enthalpy 

contributed 

by individual 

gases(Btu/lb)

n 2 602 875.15 0.8752 17.5 625.619 268.968 72.0733 0.96 69.19 186.1

0 2 602 875.15 0.8752 18.4 576.402 247.808 6.75 1.1 7.425 18.39

h 2o 602 875.15 0.8752 20.9 1162..55 499.807 10.7767 0.62 6.68 33.39

c o 2 602 875.15 0.8752 26.7 607.116 261.013 10.1 1.51 15.25 39.80

CO 602 875.15 0.8752 17.6 628.083 270.027 0.21 0.96 .20 0.544

NO 602 875.15 _ 0.8752 18 600.726 258.266 0.09 1.03 0.09 0.239

All the above enthalpies of the constituent gases are added, to get the total enthalpy of the

exhaust mixture i.e. FFxh -  H298.15,

Where Hexh = Enthalpy at the exhaust temperature

H29815 = Enthalpy at the standard ambient conditions of 25 C o r 298.15 K 

Exh.Temp = Exhaust Temperature

Total enthalpy of the mixture Hexh -  H298.15 = 278.5 Btu/lb
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But at this stage the total enthalpy is with respect to the standard ambient conditions of 

25 C. But the actual ambient temperature inside the Conex was warmer than the standard 

ambient condition. To accommodate this change in ambient conditions, the enthalpy 

change is again calculated at the measured ambient temperature inside the conex i.e. 

Hmeastan- H298.15, as outlined in Table A.3

Where,

Hmeastan = Enthalpy at the measured ambient temperature inside the Conex 

H298.15 = Enthalpy at the standard ambient conditions of 25° C or 298.15 K

Table A.3: Enthalpy change at measured ambient temperature of 36° C with respect to the

standard ambient conditions

Type 

of gas

Exh.

Temp

(°C)

Exh.Temp

(K)

Exh.Temp

(K/1000)

Enthalpy 

change 

(100% gas) 

(kJ/mol)

(hexh’haan)

Enthalpy

change

(kJ/kg)

Enthalpy

change

(Btu/lb)

Measured gas 

percentages

Weight

fraction

of

individual

gases

Mass 

percent of 

individual

gases

Actual

enthalpy

contributed

by

individual

gases

(Btu/lb)
n 2 36 309.15 0.3092 0.31 10.96 4.71 72.0733 0.96 69.19 3.26
o> 36 309.15 0.3092 0.3 9.37 4.03 6.75 1.1 7.425 0.299

h 2o 36 309.15 0.3092 0.37 20.54 8.83 10.7767 0.62 6.68 0.59
c o 2 36 309.15 0.3092 0.41 9.27 3.98 10.1 1.51 15.25 0.60
CO 36 309.15 0.3092 0.32 11.55 4.96 0.21 0.96 .20 0.01
NO 36 309.15 0.3092 0.33 10.97 4.71 0.09 1.03 0.09 0.004

Total enthalpy of the mixture at actual ambient conditions Hmeastan -  H298.15 = 5.802 Btu/lb

Therefore the actual enthalpy change Hexh -  Hmeastan = (Hexh- H298.i5 ) -  (Hmeastan- H298.i5)

= 278 .5-5 .802  

= 272.68 Btu/lb

Now this actual enthalpy change is equated to the product of specific heat and the 

temperature difference between the exhaust and ambient air, to calculate the specific heat 

of the exhaust, i.e.,
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( ^  e x h  Ht a n )  7 )

  ( ^ t r i  ^  me us v,n\ )

P f “  ( 7 ^ - ^ )

Where, (H exh -  H measan) =272.68 Btu/lb

(T’exfc ~Tamh) = 1015 °F (for conventional No.2 Diesel, with the engine

operating at 100% load)

cp, = 272.68 / 1015 = 0.26 Btu/lb-°F

Therefore, the specific heat of exhaust for conventional No.2 diesel, with the engine 

operating at 100% load, was calculated as 0.26 Btu/lb-°F. A similar procedure was 

followed for calculating the specific heat at different loads for different fuels; given 

Tables showing the variation of specific heat with load for different fuels are given in the 

following sections.

Table A.4: Exhaust specific heat variation with load for conventional No.2 diesel

Percentage Load Specific heat (Btu/lb- F)

100 0.26

75 0.26

50 0.25

30 0.25

10 0.24
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Table A.5: Exhaust specific heat variation with load for Syntroleum S-l synthetic fuel

Percentage Load Specific heat (Btu/lb-°F)

100 0.26

75 0.26

50 0.25

30 0.25

10 0.25

The accuracy of this procedure was also verified by calculating the specific heat of the 

exhaust mixture at a full load exhaust temperature of (900 K) from the stoichiometry of 

normal diesel, i.e., C 12H26.

From the mass balance study, we concluded that complete combustion of 1 mole of 

C 12H26 results in 12 moles of carbon dioxide, 13 moles of water and 69.56 moles of 

nitrogen, with individual mole fractions of 0.12, 0.13 and 0.73 respectively.

Individual constituent gas specific heat was determined using the correlation between 

temperature and specific heat, developed by National Institute of Standards and 

Technology (NIST- JANAF) [http://webbook.nist.gov/chemistry/form-ser.html].

Specific heats (Btu/lb-°F) of CO2, H2O and N2, calculated from the above correlations, 

were 0.28, 0.5 and 0.27, respectively.

The specific heat of the exhaust gas mixture is the summation of the product of each 

individual gas mole fraction and its specific heat. This is mathematically expressed as

C p ( mixture)  =  £  x c ip
ofalltheconstituentgases

http://webbook.nist.gov/chemistry/form-ser.html
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Where,

mg = Mole fraction of individual gas 

c- = Individual gas specific heat

In the case of normal diesel exhaust gas, the mixture specific heat was calculated as 

Cp = 0.12 x 0.28 + 0.13 x 0.5 + 0.73 x 0.27 = 0.28 Btu/lb-°F

This compares well with the value determined by using the measured emissions data, 

which is also one way of verifying the accuracy of the emission measuring 

instrumentation. However, all the exhaust energy calculations are based on the specific 

heat of exhaust determined by measured emission data.



A.2 Sample energy balance spreadsheet for conventional No.2 diesel at full load

VO
00



DegC DegF DegC Deg F DegC DegF

Cooling Water inlet Cooling Water inlet Cooling Water outlet Cooling Water outlet Intake manifold Intake manifold

62.0 143.6 89.0 192.1 46.0 114.9

62.8 145.1 88.9 192.1 46.0 114.8

62.5 144.5 88.8 191.9 46.0 114.9

62.6 144.7 88.7 191.7 46.0 114.9

62.6 144.7 89.0 192.2 46.2 115.1

62.4 144.3 88.9 191.9 46.2 115.1

62.3 144.1 88.7 191.7 46.3 115.3

62.5 144.5 89.0 192.2 46.6 116.0

62.3 144.1 89.1 192.4 47.0 116.6

62.1 143.7 89.0 192.2 46.9 116.4

62.2 143.9 88.9 192.0 46.7 116.0

62.8 145.0 89.0 192.2 46.4 115.6

62.3 144.1 89.0 192.2 46.4 115.6

62.3 144.1 88.9 192.0 46.2 115.1

62.6 144.6 88.9 192.0 46.1 115.0

62.2 144.0 89.2 192.5 46.1 115.0

62.6 144.6 89.1 192.3 46.0 114.8

62.5 144.5 89.1 192.3 46.3 115.3

62.6 144.7 89.1 192.4 46.3 115.3

62.6 144.7 89.1 192,4 46.3 115.3



DegC DegF DegC DegF DegC DegF

exhaust temp2 exhaust temp2 Turbo outlet Turbo outlet Ambient temp Ambient temp

600.5 1112.9 141.7 287.0 37.9 100.2

600.5 1112.9 141.6 286.8 37.9 100.3

600.5 1112.9 141.6 286.8 37.9 100.3

600.5 1112.9 141.6 286.8 37.9 100.3

600.5 1112.9 141.6 286.9 37.9 100.3

600.5 1112.9 141.6 286.9 37.9 100.3

601.1 1114.0 141.5 286.6 38.0 100.4

601.1 1114.0 141.6 286.9 38.0 100.3

601.7 1115.0 141.8 287.3 38.0 100.3

601.7 1115.0 141.4 286.5 38.0 100.3

601.7 1115.1 141.4 286.5 38.0 100.3

601.1 1114.0 141.6 286.9 38.0 100.4

601.1 1114.0 141.6 286.9 38.0 100.4

601.7 1115.0 141.6 286.9 38.0 100.4

601.7 1115.1 141.8 287.2 38.0 100.5

601.7 1115.1 141.9 287.4 38.1 100.5

601.7 1115.1 141.9 287.4 38.1 100.6

601.8 1115.2 141.9 287.5 38.1 100.6

601.8 1115.2 142.0 287.5 38.2 100.7

601.8 1115.2 142.2 287.9 38.2 100.7



DegC Deg F DegC Deg F DegC Deg F

Outdoor Temp Outdoor Temp HE Water in HE Water in HE Water out HE Water out

21.9 71.5 28.6 83.5 45.0 113.0

22.0 71.6 28.7 83.7 45.0 113.0

21.9 71.4 28.8 83.8 45.1 113.2

21.8 71.3 28.5 83.3 44.8 112.6

21.8 71.2 28.8 83.8 44.9 112.8

21.6 70.9 28.8 83.8 45.0 113.0

21.6 71.0 28.8 83.8 44.9 112.8

21.5 70.8 28.5 83.4 44.8 112.6

21.7 71.1 28.7 83.6 44.9 112.8

21.6 70.9 28.7 83.6 44.9 112.9

21.7 71.1 28.7 83.6 44.8 112.7

21.7 71.1 28.7 83.6 44.9 112.9

21.6 70.9 28.7 83.6 44.9 112.9

21.6 70.9 28.6 83.4 44.9 112.9

21.8 71.2 28.7 83.7 45.1 113.1

21.7 71.0 28.6 83.5 45.0 113.0

21.6 70.9 28.7 83.7 45.0 113.0

21.5 70.7 28.6 83.5 44.9 112.8

21.5 70.7 28.8 83.8 45.0 113.1

21.6 71.0 28.6 83.6 44.9 112.8



DegC Deg F DegC Deg F DegC DegF

Coolant HE in Coolant HE in Coolant HE out Coolant HE out Fuel Temp Exhaust-Ambient

88.1 190.6 61.7 143.0 28.0 1012.7

88.1 190.5 61.5 142.7 28.3 1012.6

88.1 190.6 61.7 143.0 28.2 1012.6

88.1 190.6 61.4 142.5 28.1 1012.6

88.1 190.6 61.7 143.0 28.3 1012.7

88.1 190.6 61.4 142.6 28.5 1012.7

88.1 190.6 61.6 142.8 28.3 1013.6

88.2 190.8 61.7 143.0 28.3 1013.7

88.1 190.6 61.6 142.8 28.4 1014.7

88.1 190.6 61.6 142.8 28.3 1014.7

88.2 190.7 61.5 142.6 28.3 1014.7

88.3 190.9 61.5 142.6 28.3 1013.7

88.2 190.7 61.7 143.1 28.4 1013.7

88.1 190.6 61.5 142.6 28.3 1014.6

87.9 190.3 61.5 142.7 28.3 1014.6

88.2 190.7 61.6 142.9 28.3 1014.6

88.0 190.3 61.5 142.7 28.5 1014.5

88.2 190.8 61.3 142.3 28.4 1014.5

88.1 190.6 61.7 143.0 28.5 1014.5

88.2 190.8 61.5 142.8 28.4 1014.5



Deg F Deg F Deg F Volts GPM(with error)

Turbo-intake CoolantHEin-coolantHEout He water out-He water in HE proteus HE proteus

172.2 47.6 29.5 1.6 17.5

172.0 47.8 29.3 1.6 17.3

172.0 47.6 29.5 1.6 17.5

172.0 48.0 29.3 1.6 17.4

171.8 47.6 29.0 1.6 17.1

171.8 48.0 29.3 1.6 17.5

171.3 47.8 29.0 1.6 17.2

170.9 47.8 29.3 1.6 17.7

170.7 47.8 29.3 1.6 17.3

170.0 47.8 29.3 1.6 17.6

170.5 48.0 29.0 1.6 17.7

171.3 48.2 29.3 1.6 17.5

171.3 47.6 29.3 1.6 17.2

171.8 48.0 29.5 1.6 17.1

172.2 47.6 29.5 1.6 17.4

172.4 47.8 29.5 1.6 17.4

172.6 47.6 29.3 1.6 17.3

172.2 48.5 29.3 1.6 17.6

172.2 47.6 29.3 1.6 17.4

172.6 48.0 29.3 1.6 17.4



GPM(without error) Lb/hr Btu/hr mass flow of coolant(lb/hr)

HE proteus Mass flow of water Heat flux of water Heat flux of water/ (Cp*delta T)coolant

14.4 7154.3 208763.1 6007.2

14.2 7067.0 204702.3 5864.2

14.3 7141.8 208376.1 5996.0

14.3 7098.2 205647.6 5865.3

14.0 6967.3 200333.0 5764.6

14.3 7129.4 206500.2 5889.7

14.1 7029.7 202124.6 5790.4

14.5 7216.6 209074.1 5989.5

14.2 7060.8 204538.0 5859.5

14.4 7179.2 207963.9 5957.7

14.5 7229.0 207874.3 5928.9

14.3 7129.4 206516.5 5864.3

14.1 7035.9 203809.0 5864.6

14.0 6967.3 203324.5 5799.1

14.2 7085.7 206749.3 5949.2

14.3 7104.4 207314.5 5939.1

14.2 7067.0 204704.7 5890.4

14.4 7173.0 207792.9 5874.7

14.3 7110.7 205957.7 5926.5

14.2 7092.0 205442.8 5859.5



GPM in WC CFM millibar in of Hg

Vol flow of 

coolant Diff. press Air Flow Barometric Pressure Barometric Pressure

Viscosity

(AIR) Temp/visc(CF)

10.9 2.9 374.2 974.4 28.8 189.8 0.9

10.6 2.9 374.4 974.4 28.8 189.8 0.9

10.9 2.9 374.7 974.4 28.8 189.8 0.9

10.6 2.9 374.1 974.4 28.8 189.8 0.9

10.5 2.9 373.6 974.4 28.8 189.8 0.9

10.7 2.9 373.3 974.4 28.8 189.8 0.9

10.5 2.9 374.2 974.4 28.8 189.8 0.9

10.9 2.9 374.4 974.4 28.8 189.8 0.9

10.6 2.9 373.1 974.5 28.8 189.8 0.9

10.8 2.9 372.6 974.4 28.8 189.8 0.9

10.8 2.9 373.9 974.3 28.8 189.8 0.9

10.6 2.9 373.8 974.4 28.8 189.8 0.9

10.6 2.9 374.2 974.3 28.8 189.8 0.9

10.5 3.0 375.0 974.4 28.8 189.8 0.9

10.8 3.0 375.6 974.4 28.8 189.8 0.9

10.8 3.0 375.6 974.4 28.8 189.9 0.9

10.7 3.0 376.1 974.4 28.8 189.9 0.9

10.7 3.0 375.3 974.3 28.8 189.9 0.9

10.8 3.0 375.6 974.4 28.8 189.9 0.9

10.6 3.0 376.0 974.3 28.8 189.9 0.9



SCFM lb/hr L/hr gallons/hr Lb/gallon Lb/hr

press(CF) RH(CF) Air Flow Mass flow of air fuel flow fuel flow fuel Density Mass flow of fuel

1.0 1.0 325.6 1463.3 34.4 9.1 6.8 62.0

1.0 1.0 325.7 1463.6 34.2 9.0 6.8 61.6

1.0 1.0 326.0 1464.9 34.4 9.1 6.8 62.0

1.0 1.0 325.4 1462.4 34.2 9.0 6.8 61.6

1.0 1.0 325.0 1460.5 34.2 9.0 6.8 61.6

1.0 1.0 324.7 1459.3 34.4 9.1 6.8 62.0

1.0 1.0 325.4 1462.5 34.2 9.0 6.8 61.6

1.0 1.0 325.6 1463.4 34.0 9.0 6.8 61.3

1.0 1.0 324.6 1458.6 34.4 9.1 6.8 62.0

1.0 1.0 324.1 1456.6 34.2 9.0 6.8 61.6

1.0 1.0 325.2 1461.4 34.2 9.0 6.8 61.6

1.0 1.0 325.0 1460.7 34.2 9.0 6.8 61.6

1.0 1.0 325.4 1462.4 34.2 9.0 6.8 61.6

1.0 1.0 326.1 1465.3 34.2 9.0 6.8 61.6

1.0 1.0 326.6 1467.5 34.2 9.0 6.8 61.6

1.0 1.0 326.5 1467.3 34.2 9.0 6.8 61.6

1.0 1.0 326.8 1468.6 34.2 9.0 6.8 61.6

1.0 1.0 326.1 1465.4 34.2 9.0 6.8 61.6

1.0 1.0 326.3 1466.5 34.5 9.1 6.8 62.1

1.0 1.0 326.6 1467.6 34.4 9.1 6.8 62.0



Lb/hr KW KW Btu/hr Btu/hr Btu/hr

Air Fuel 

Ratio Mass flow of Exhaust power

Actual

Power Energy in Energy out power Energy out after cooler

23.6 1525.3 123.0 131.6 1178185.0 449009.5 60436.9

23.7 1525.3 123.0 131.6 1170993.6 449134.2 60375.2

23.6 1526.9 122.7 131.3 1177943.4 447993.8 60426.3

23.7 1524.0 123.1 131.7 1171215.0 449399.1 60324.6

23.7 1522.2 122.8 131.3 1171076.1 448159.8 60173.6

23.5 1521.3 122.7 131.3 1177682.9 448139.1 60122.8

23.7 1524.1 123.0 131.6 1171076.1 449086.4 60103.0

23.9 1524.7 122.7 131.3 1164227.7 448083.2 59990.2

23.5 1520.6 122.8 131.3 1177803.7 448172.1 59721.7

23.6 1518.2 122.8 131.4 1171057.2 448514.3 59411.1

23.7 1523.0 122.9 131.5 1171038.4 448810.7 59756.6

23.7 1522.3 123.0 131.6 1171038.4 449054.5 60028.8

23.7 1524.0 122.9 131.5 1170918.3 448709.5 60099.1

23.8 1527.0 123.0 131.6 1171057.2 449076.1 60371.0

23.8 1529.2 123.2 131.8 1171019.5 449723.7 60614.3

23.8 1528.9 122.7 131.3 1171000.7 448154.4 60680.6

23.8 1530.3 122.7 131.3 1170880.6 447935.0 60811.3

23.8 1527.0 122.8 131.4 1170981.8 448378.2 60528.0

23.6 1528.6 122.9 131.5 1179382.7 448566.2 60574.6

23.7 1529.6 123.1 131.8 1177810.7 449594.6 60772.7



Btu/hr Btu/hr Btu/hr

Energy out Exhaust

Energyout

coolant total energy out

%energy

efficiency %power %After cooler %Exhaust %coolant

401607.2 208763.1 1119816.7 95.0 38.1 5.1 34.1 17.7

401568.2 204702.3 1115780.0 95.3 38.4 5.2 34.3 17.5

402002.1 208376.1 1118798.4 95.0 38.0 5.1 34.1 17.7

401259.5 205647.6 1116630.7 95.3 38.4 5.2 34.3 17.6

400783.4 200333.0 1109449.7 94.7 38.3 5.1 34.2 17.1

400550.3 206500.2 1115312.4 94.7 38.1 5.1 34.0 17.5

401665.0 202124.6 1112979.0 95.0 38.3 5.1 34.3 17.3

401821.2 209074.1 1118968.6 96.1 38.5 5.2 34.5 18.0

401154.6 204538.0 1113586.4 94.5 38.1 5.1 34.1 17.4

400549.5 207963.9 1116438.8 95.3 38.3 5.1 34.2 17.8

401826.9 207874.3 1118268.4 95.5 38.3 5.1 34.3 17.8

401202.9 206516.5 1116802.7 95.4 38.3 5.1 34.3 17.6

401652.2 203809.0 1114269.8 95.2 38.3 5.1 34.3 17.4

402811.2 203324.5 1115582.8 95.3 38.3 5.2 34.4 17.4

403397.7 206749.3 1120485.0 95.7 38.4 5.2 34.4 17.7

403321.3 207314.5 1119470.8 95.6 38.3 5.2 34.4 17.7

403628.8 204704.7 1117079.7 95.4 38.3 5.2 34.5 17.5

402794.4 207792.9 1119493.6 95.6 38.3 5.2 34.4 17.7

403209.3 205957.7 1118307.8 94.8 38.0 5.1 34.2 17.5

403462.8 205442.8 1119272.8 95.0 38.2 5.2 34.3 17.4
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B.O Testing of bio-diesel from fish oil on Detroit Diesel series 50 engine: 

B.0.1 Introduction:

As an extension of the experimental work, bio-diesel produced from fish oil was also 

tested at the test bed facility at the energy center of the University of Alaska; Fairbanks. 

Fish oil is locally abundant in some fishing communities in rural Alaska, and has been 

suggested as an environmentally friendly replacement for conventional diesel fuel. 

About eight million gallons are produced annually, some of which can be marketed for 

human or animal consumption, but the supply of fish oil exceeds the demand for these 

applications. In some fisheries, there is no attempt to recover the oil, because there is no 

commercial use for it. Furthermore, recent increases in the price of crude oil have 

resulted in significant cost increases for remote communities, so replacing even some of 

the imported diesel consumed with fish oil can result in significant savings for a 

community.

Fish oil can be burned in a diesel engine in its raw form, but it naturally contains 

significant quantities of glycerin and proteins, which, if not removed, are known to cause 

deposits in engines. Removing these compounds is done through a process known as 

transesterification, and the resulting product is referred to as fish oil bio-diesel.

In this study, bio-diesel was supplied to the test bed facility by Steigers Corporation, an 

environmental consulting firm based in Littleton, Colorado. This fuel was produced from 

pollock oil purchased in bulk in Seattle, and sent to Pacific Biodiesel in Hawaii for 

conversion to bio-diesel. The fuel was tested in a Detroit Diesel series 50 engine, and 

efficiency, emissions, and engine reliability were observed.

Appendix B
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A total of 875 gallons of bio-diesel transformed from fish oil was supplied to UAF in the 

month of December 2004. In addition to the bio-diesel, 250 gallons of raw fish oil was 

also supplied for testing.

B.0.2 Fuel storage:

Raw fish oil and transformed bio-diesel were stored in plastic totes of 275 gallons
o

capacity each, next to the engine test bed facility. During winter, at temperatures below 0

C, all the bio-diesel and raw fish oil solidified because of its higher cloud point, around 

0 C, as evident in Figure B .l. The resulting solid had the consistency of a slushy butter.

Figure B.l: Bio-diesel in the process of freezing after being placed outside. The upper, 

darker portion of the tote is still liquid; the bottom, lighter portion is solid.



I l l

The bio-diesel testing was started in the month of March 2005. Since the ambient 

temperatures were still well below freezing, melting the frozen bio-diesel was done using 

a 1500 watt external air heater kept near the base of tote and enclosed with a 4 mil plastic 

sheet. After the bulk of the fuel was liquefied, a circulating pump (approximate capacity 

-  100 gallon/hour) was placed in the tank to mix the fuel, reducing the effects of 

stratification and sedimentation. During the testing, fish oil from the tote was transferred 

to one of the day tanks using a small submersible pump, after completely draining out the 

previous fuel to avoid contamination.

B .l Calibrations:

In order to properly evaluate the efficiency of the diesel engine operating on fish oil bio

diesel, physical property measurements needed to be made, including the heating value of 

the fuel, and the mass flow of the fuel, the fuel density as a function of temperature, and 

the volumetric fuel flow.

The most important measurement in any energy balance is the mass flow of fuel into the 

system. Prior experience with other fuels indicated that the volumetric CANBUS fuel 

flow as reported by the Detroit Diesel on board engine computer measurements were the 

most convenient fuel flow data available. CANBUS volumetric fuel flow is based on an 

engine performance map, so absolute numbers when using a fuel of different heating 

value and density is to be expected. Therefore, we did a careful mass flow calibration of 

the engine to establish the correlation between the CANBUS data and the fuel consumed, 

as determined by a well calibrated 50 kg load cell.
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B.1.1 CANBUS calibration result on bio-diesel:

Table B .l: Percentage average error between the load cell and CANBUS reading

on bio-diesel

%Load %error(runl) %error(run2) %error(run3) %Avg.error stdev Exp un

10 6.8 8.7 12.4 9.3 2.9 1.7

30 6.7 8.8 7.7 7.7 1.1 0.6

50 1.3 1.8 2.8 2.0 0.8 0.5

75 3.4 3.9 4.6 4.0 0.6 0.3

100 3.7 4.1 4.7 4.2 0.5 0.3

% load = Percentage load applied on the engine through the load bank.

% error = Percentage difference between load cell reading and the can bus reading. 

% Avg.error = average of all the percentage errors.

Std.dev (<r)= standard deviation of % error.

Exp.un = experimental uncertainty = -^ = .
VN

N = number of experimental runs.
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% Load

Figure B.2: Percentage average error variation with percentage load for bio-diesel

All the energy calculations are based on the CANBUS indicated volumetric fuel flow 

rate, corrected for the fuel flow using the load cell, shown in Figure B.2.

Apart from the CANBUS calibration, emissions data at five different loads on bio-diesel 

[Telang, 2005] were used for estimating the specific heat of exhaust emissions by using 

the same procedure outlined in Appendix A of the thesis.



114

B .l.2 Specific heat of the exhaust mixture for bio-diesel:

The specific heat of the exhaust gas mixture during the testing of bio-diesel was also 

calculated using the same procedure as outlined in Appendix A for conventional No.2 

Diesel. Table B.2 shows the variation of specific heat of exhaust mixture with load, 

while operating on bio-diesel.

Table B.2: Average specific heat of the gas mixture at different loads for bio-diesel

% Load

Average 

specific heat (Btu/lb-°F)

100 0.26

75 0.26

50 0.25

30 0.25

10 0.24

The above mentioned specific heat values at individual load are used in all the exhaust 

energy calculations, related to the bio-diesel.

B.2 Properties and performance of bio-diesel:

Physical properties were measured for bio-diesel also, such as density, cloud point and 

lubricity, following the same methods as mentioned for the synthetic fuels.
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B.2.1 Density:

Table B.6: Density variation of the bio-diesel with temperature

Temperature (Deg C) Density (lb/gallon) Density (gm/cm )

8.5 7.445 0.89

26 7.333 0.88

70 7.108 0.85
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^  Conventional No.2 Diesel 0  Bio-Diesel
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Type of Fuel

Figure B.4: Density comparison of different fuels at the ASTM standard prescribed
o

temperature of 15 C

Figure B.4 shows that the bio-diesel density is high, when compared to that of 

conventional No.2 diesel at ASTM standard prescribed temperature of 15 C.

B.2.2 Cloud point:

Table B.7 Cloud point comparison of the fuels

Type of Fuel
—B

Cloud Point temperature( C)

Conventional No.2 Diesel -18

Bio-Diesel 0

Cloud point of bio-diesel is very high, when compared to that of conventional No.2 

diesel. Special fuel storage methods must be employed to handle this kind of fuel in low 

temperature regions, to avoid freezing. This is an issue of special importance to may
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regions of Alaska, where temperatures average below 0 C for many months of the year, 

so use of the fish oil bio-diesel requires either summer only operation on this fuel, or 

special engineering to assure that the fuel will be kept sufficiently warm, perhaps through 

use of waste heat from the engine.

B.2.3 Lower heating value:

The lower heating value of the bio-diesel sample was evaluated as per ASTM D4809 

standard by SWRI, and compared to the heating value of conventional No.2 diesel data 

provided by the alternative fuels database of the National Renewable Energy Laboratory 

[http://www.nrel.gov/vehiclesandfuels/apbf/progs/searchl.cgi]. SWRI was selected based 

on their reputation for work with the oil and gas industry.

Figure B.5: Lower heating values of different fuels as per ASTM D 4809

http://www.nrel.gov/vehiclesandfuels/apbf/progs/searchl.cgi
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Figure B.5 shows that the heating value of the bio-diesel is low, when compared to that of 

the conventional No.2 diesel as per the ASTM D4809 standard. Please note that the 

19,000 BTU per pound for conventional No. 2 is an accepted average value, and is not 

based on testing any fuel used in our facility. The result for fish oil bio-diesel was also 

compared to the data provided in Blythe (1996) and it was noted that these results were of 

the same magnitude. A copy of the original test report from SWRI is attached in 

Appendix C of the thesis for further reference.

B.2.4 Lubricity:

Fuel lubricity is very important since the operation of injectors in diesel engines requires 

fuel with intrinsic lubrication. This property has received additional attention recently 

due to the push to reduce the sulfur content of diesel fuels for emissions reduction 

programs, which has had the unintended consequence of reducing the natural lubricity of 

the fuel. Lubricity measurements are a source of some contention in the industry, and so 

the university elected to submit samples of the fish oil bio-diesel to SWRI for testing of 

this property.
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Figure B.6: Scuffing load comparison of bio-diesel and a blend of 95% synthetic S-l and

5% bio-diesel as per ASTM D6078

The ASTM D6078 Scuffing Load Ball on Cylinder Lubricity Evaluator (SLBOCLE) 

standard method was used for evaluating the lubricity of the bio-diesel sample and a 

blend of Syntroleum S-l synthetic diesel fuel and bio-diesel, to test whether the addition 

of bio-diesel makes any difference in the lubricity of the synthetic fuels.

The maximum scuffing load evaluated by the ASTM D6078 standard method is 6000 

gm.The test report from Southwest Research Institute on the bio-diesel sample showed 

that the bio-diesel sample exceeds the test limit of 6000gm, which indicates that it has 

excellent natural lubricating properties to protect the engine parts.

Syntroleum S-l synthetic fuel, which exhibited slightly lower lubricity than the minimum 

recommended by the Engine Manufacturers Association was blended with 5% bio-diesel
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volumetrically and was tested for lubricity. From Figure B.6 it’s clear that the addition of 

5% bio-diesel improved the natural lubricity of Syntroleum S-l synthetic fuel by 14 %.

In spite of its good lubricating properties, the bio-diesel fuel caused some problems 

associated with the electronic fuel injectors, which cannot be directly attributed to the 

fuel’s natural lubricity or wear characteristics. These will be explained in detail in the 

fuel stability section of Appendix B.

B.2.5 Performance results of bio-diesel:

Bio-diesel performance was compared to that of the conventional No.2 diesel, on the 

basis of thermal efficiency, BSFC and air-fuel ratio.

0 20 40 60 80 100 120

Percentage Load

Figure B.7: Air-fuel ratio variation with load for different fuels
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j — ♦—-  Bio-Diesel - - A- • No.2 Diesel~|

Percentage Load

Figure B.8: Percentage average thermal efficiency variation with load for different fuels

— ■—  Bio-Diesel - * +■ • - No.2 Diesel

Percentage Load

Figure B.9: BSFC variation with load for different fuels
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Table B.8: Engine performance parameters on various fuels at different loads

Type of Fuel Parameter Air-fuel ratio % Thermal Efficiency BSFC (gm/kW-hr)

% Load

No.2 Diesel

10 77 26 308

30 47 36 225

50 34 39 208

75 27 39 208

100 24 39 211

Bio-Diesel

10 71 28 337

30 44 39 244

50 30 42 229

75 24 42 230

100 22 41 232

Bio-diesel, because of its low heating value, shows higher air-fuel ratio and brake 

specific fuel consumption at different loads, when compared to conventional No.2 diesel, 

as evident in Figure B.7 and Figure B.9. However, the thermal efficiency of the engine 

operated on bio-diesel was high at all loads, when compared to No.2 diesel as illustrated 

in Figure B.8. The above results were compared and validated with the results of similar 

work done at Fairbanks Morse Engine Division by Blythe (2005). It must be noted, 

however, that the high thermal efficiency is based on the lower heating value results from 

a single sample submitted to SWRI, and that the difference may be due to a low 

experimental value for this property.
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B.3 Energy balance at various loads for different fuels:

Figure B.10: Energy balance on conventional No.2 diesel at varying loads

Figure B.l 1: Energy balance on bio-diesel at varying loads
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Table B.9: Energy balance of various fuels at different loads

Type of fuel

Type of Energy % Power % Exhaust % Coolant % After Cooler %Total

Energy% Load

No.2 Diesel

10 26 31 19 4 80

30 36 31 18 3 88

50 39 32 18 4 93

75 39 33.7 18.5 4.8 96

100 39 35 18 5 97

Bio-Diesel

10 28 34 19 5 86

30 39 33 19 4 95

50 42 32 20 4 97

75 42 35 18 5 100

100 41 36 17 5 100

Figure B.10, Figure B . l l  and Table B.6 illustrate that the accounted overall total energy 

of the engine operated on bio-diesel is high, when compared to the energy balance on 

conventional No.2 diesel. The increase in thermal efficiency or percentage power, as 

mentioned in the above results, may be due to higher density of the fuel and higher 

combustion efficiency of the fuel.

The energy balance data given above do not include the energy expected to be lost to 

convection and radiation. In textbooks, these losses are typically given as roughly 10% 

of the total energy balance. Our data for conventional and synthetic fuels give 

comfortable margins for these values, but the results for bio-diesel do not. This leads 

again to the conclusion that the lower heating value of 16,116 BTU per pound may be a 

bit low, which would affect the total energy balance calculation in the direction indicated. 

Due to limited funding, we did not submit further samples for testing, but we did note 

that the sample we sent was taken from tote 1.

The detailed energy balance procedure and sample energy balance data sheets are 

attached in appendix A for further reference.
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Bio-diesel had some fuel stability issues over the course of the experiment including:

1. Color change over time: As mentioned previously bio-diesel was stored in three 

separate totes of 275 gallon capacity each, and exposed to varying intensities of 

sunlight and air. Over the experimental period, a noticeable color difference was 

observed between the fuel samples from different IBC’s, as illustrated in Figure

B.12, causing concern over the chemical composition stability of the fuel with 

time. To address this issue fuel samples were sent for testing at Magellan Labs by 

the fuel manufacturer. Magellan Labs specializes in testing the chemical 

decomposition of fuels over time. Results of this analysis have not been received 

at the time of this writing.

B.4 Fuel stability:

Figure B.12: Bio-diesel color change over time

Where, A: Indoor storage sample, sealed container, laboratory conditions 

B: Indoor storage sample, open container, near ambient conditions 

C: Outdoor storage, tote 1 

D: Outdoor storage, tote 2 

E: Outdoor storage, tote 3
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2. Injector failure due to varnish formation:

As can be seen in the above photograph, the physical appearance of the fuel 

stored in tote 1 had changed significantly over time, leading to the suspicion that 

some form of bio-degradation may have been occurring in the fuel stored in this 

container. Since this tote had been heated to liquefy the fuel in the spring, this 

tote was maintained at temperatures conducive to biological activity for a longer 

period of time than the other storage containers. Also, fuel was first used from 

this tote, so the remaining fuel was also exposed to a larger volume of air over a 

longer period of time. Both of these factors would be expected to lead to 

increased biological degradation of the fuel as compared to that stored in the other 

totes. If some bio-degradation had occurred at the time that fuel was submitted to 

SWRI, then this could have resulted in a lower heating value of the fuel being 

reported, below the value of un-degraded fish oil bio-diesel. Since sending the 

fuel to SWRI for testing required both time and money, but running the fuel 

through the diesel engine test bed did not, we decided to do a measurement of the 

energy balance on the degraded fuel, to see if this affected our efficiency and 

energy balance data. Given the cloudy nature of the fuel and the reputation that 

bio-fuels have for plugging filters, we made sure that we had plenty of fuel filters 

on hand before beginning this test.

On August 27, 2005, the aged fuel from tote 1 was transferred to the fuel tank, 

and the engine was started. After few minutes of operation on 50% load, the load 

bank tripped off suddenly indicating an error of low control voltage. Restart 

attempts using the same fuel the next morning were unsuccessful, so both the 

primary and secondary fuel filters were changed. Inspection of the filters did not 

reveal any apparent clogging. However, the engine still did not start. After 

several attempts over several days with no success, the suggestion was made that 

the fish oil might have gelled in the engine fuel system. So, the engine block was 

warmed up using an electric heater overnight, to reduce the effect of cold starting
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problems. The fuel system was then completely drained, and the operating fuel 

was changed from bio-diesel to conventional No.2 diesel to reduce the effects of 

bio-diesel on the engine operation; but the engine still would not start.

At this time, the Detroit Diesel Electronic Control (DDEC) tools were used in an 

attempt to discern the reason for failure to start. The logged LABVIEW DAQ 

data were also reviewed carefully from the day of the initial failure. Reviewed 

data indicated adequate fuel pressures in the engine fuel system, indicating clog 

free fuel supply lines, but the engine rpm reduced considerably, which triggered 

the load bank trip on a low control voltage error message. This implied that the 

engine rpm was not sufficient to generate adequate power to maintain the applied 

load. The behavior of the engine during restart attempts (the engine spun freely, 

but no combustion occurred on any cylinder) suggested that no fuel was being 

delivered to the cylinders. In addition, the DDEC tools indicated an injector 

malfunction as the possible reason for failure.

On August 31, 2005, the engine cylinder head was removed, and an injector was 

pulled for inspection. Disassembly of the injector revealed that the fuel pressure 

relief poppet valve was stuck in the open position preventing fuel from being 

delivered out of the injector nozzle. The injector nozzle was fouled with carbon 

like deposits, as evident in Figure B.13 and Figure B.14.
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Figure B.13: Carbon deposits near the injector nozzle area

Figure B.14: Fouling of injector nozzle area

On closer inspection, there appeared to be signs of a varnish like substance deposited on 

the poppet valve assembly as shown in Figure B.15. Such deposits could result in a 

sticking valve condition, as illustrated in Figure B.16.
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Figure B .l5: Varnish formation on poppet valve of the injector

Figure B .l6: Valve seat indicating varnish formation, leading to the poppet valve sticking

condition

Normally fuel enters the main body of the injector through the port openings in the 

poppet valve region, when it is in open position. During normal operation, the electronic 

fuel management system activates a solenoid, which pushes the poppet valve to the
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closed position, and the fuel is pressurized and injected into the cylinder in the form of 

fine mist.

However, because of varnish formation, the poppet valve would not close, and the fuel 

entering the main body of the injector was finding a low pressure path. Instead of fuel 

entering the nozzle body it followed the low pressure path to the return system resulting 

in no fuel being injected into the cylinder, leading to a failure to start.

In an attempt to establish the source of the varnish, a simple laboratory experiment was 

carried out. The experiment set up as shown in Figure B.18, was to heat the fuel 

samples. Conventional No.2 diesel, bio-diesel samples from each of the totes, raw fish 

oil, Syntroleum synthetic fuel, and conventional No. 2 diesel fuel were placed in test 

tubes, photographed, and heated overnight to 165 C in an electric oven to check for 

varnish formation at high temperatures. This simple experiment resulted in some 

interesting observations: conventional No.2 diesel evaporated almost completely leaving 

a black residue, some of the Syntroleum synthetic fuel evaporated but no signs of varnish 

formation were noticed, but varnish formation was clearly visible in all of the bio-diesel 

and raw fish oil samples, as evident in Figure B.19.

Figure B.17: Fuel samples before heating in the electric oven



Samples 1-4: Bio-Diesel samples stored at different locations 

Sample 5 : Raw Fish oil

Sample 6 : No.2 Diesel

Sample 7 : Syntroleum S-2 fuel
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Figure B .l8: Experimental set up to heat fuel samples in an electric oven

Figure B.19: Fuel samples showing varnish formation after extended heating; the

numbering sequence is the same as in Figure B.17
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This demonstrates that varnish formation at the poppet valve is a fuel issue for all of the 

fish oil samples, rather than any other mechanical problem associated with the engine 

operation.

B.5 Summary of fish oil bio-diesel results:

1. During the initial testing of the fish-oil Biodiesel, the engine operated well, indicating 

efficient, clean combustion. Engine performance was at least as good as conventional 

fuels, and perhaps better, though this observed increase in performance efficiency may be 

an artifact of errors in the Lower Heating Value we obtained from SWRI

2. One significant operational issue was identified during our testing, namely the 

formation of a varnish in the fuel injectors. Heating the fuels indicated that this varnish 

formation is associated with both raw fish oil and all of the bio-diesel fish oils available 

for our test.

3. Discussions with other demo sites for the Alaskan fish oil bio-diesel project revealed 

that all other sites also had significant operational issues with the use of 100% fish oil 

bio-diesel. Many of these issues did not become apparent until late summer, 2005. This 

leads to some question as to whether the issues are related to storage stability, or to the 

fundamental properties of the fuel. Bio-degradation could be leading to the compounds 

that form varnish (though we observed the varnish formation for all of the different fuels, 

independent of the visible color change). The varnish could also be due to the incomplete 

removal of the natural protein components in the fuel, due to improper conversion of raw 

fish oil to bio diesel.

4. Vamish formation may be inhibited or prevented by mixing fish oil bio-diesel with 

either conventional or synthetic diesel fuels. Adding fish oil bio-diesel to synthetic fuels
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has the added advantage of increasing the lubricity of that fuel. Additional work is 

needed in this area.
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Appendix C

C.O Fuel lubricity reports from SWRI:

C.0.1 Lubricity test report on Syntroleum S-l (Batch 1, Sample 1):

S O U T H W E S T  R E S E A R C H  I N S T I T U T E ®

S2j» CUUE88A «0. 78£38-Et«6 » P. O. . ©HAWES! zmi-a ?923»~0S1tQ * SAN A**TOM#fc TEXAS, UW *  «no>«84-'5111 « WWW.8mU..0RQ

August 19, 2094

Mr. Kanthikiran S&scry 
3410 A, College RE> 
Fairbanks, A K  99709 
E m a i l :

Re: Credit Card Payment
SwRI - 1.08.05-10105.01.150 [W O# 27192]

Dear Mr, Sastry:

Testing is complete on your diesel fuel sample (ID: ECS #1} submitted for lubricity by test 
method ASTM D6078. Tlie ^  container was received August 16, 2004 and in good 
condition. Results are as follows:

Description Results
Average o f the applied load in grams 2850
Date o f ‘lesting August 16, 2094
Any deviations from the test conditions None

Test aliquots were taken in accordance to the listed test procedure. Analyses were performed 
in accordance with the test procedure used with no deviations ox modifications. The analyses 
pertain only to the sample(s) received by Southwest Research Institute and represent only a 
sampling o f this batch. Tins report shall not be reproduced except in full without the express 
written permission o f Southwest Research Institute. If  you have any questions or need any 
further information, please call me at (210)-522-2071 or by email at K,Kehi@SwRI -org*

Sincerely,

K^~~B . a v u .
Karen B . Kohl, Manager 
Fuels and Lubricants Research 
Petroleum Products Research Department
Q # v  <tfSbitomottv? E  nztm m n$ — D m m n  OS

C O  S lw w w K m  W :

U n i v .  o f Ahska\BCS #1  (OPAJBH54) 8-19-04 -  Sastry 

HOUSTON. TEXAS (?I3> 977*137? *  WASHINGTON. DC tm * )
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C.0.2 Lubricity test report on Syntroleum S-2 (Batch 2, Sample 1):

CW .F8RA RD. ?S5?38-S1€6 •  PO . DR.AWEH 73228-0510 •  SAN ANTONIO.TEXAS, USA •  (2 1 0 )6 8 4  S i l t  •  WWW.S¥lffci.ORC3

September 17, 2004

Mr. Kanthikiran Sastxy 
3410 A. College RD 
Fairbanks, AK 99709 
Email: sasrnikatuiukiiuttuj

Re: Credit Card Payment
SwRI - 1.08.05.10105.01 * 150 [WO# 27464]

Dear Mr. Sastxy:

Testing is complete on your diesel fuel sample (ID: ESS Batch 2) submitted fo r  lubncity by test 
method ASTM D6078. 'Hie container was received l5-Sept-04 and i n  good condition. 
Results are as follows:

Oe^rriptrofT e.st ills

Average o f the applied load in grams 3400
Date of Testing 16-Sep t-2004
Any deviations from the test conditions None

Test aliquots were taken in accordance to the listed test procedure. Analyses were performed 
in accordance with the test procedure used with no  deviations or modifications. The analyses 
pertain oniy to the samplers) received by Southwest Research Institute and represent only a 
sampling of this batch. This report shall no t be reproduced except in full w ithou t the express 
written permission of Southwest Research Institute. If you have any questions or need any 
further information, please call me at (210)-522-2071 or by email at hLKcih]@.SwR I.nrg.

Sincerely,

S  . K X X

Karen B. Kohl, Manager 
Fuels and Lubricants Research 
Petroleum Products Research Department
Qffict of Automotive Snjgnemng — Division OS

CC: Shannon Watson
University o f  Alaska Fairbanks 
525 D u c k c n n g  B k lg ,
F a ir b a n k s .  A la s k a  99775-5910

Univ. o f  AlaskaXESS Batch 2 (OPAjBIQ4) 9-15-04 ~ Sastiy

HOUSTON. TEXAS (713) 377 1377  •  W ASHINGTON, DC (301 > 881-{322$
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C.0.3 Lubricity test report on Syntroleum S-l (Batch 1, Sample 2):

6220 CUtESRA AD. 78238-5166 *  P.O DRAWER 28510 78228-0510 »  SAN ANTONIO. TEXAS. USA •  (210)684-5111 *  WWW.SWRI ORG

October 14,2004

Mr Kanthikiran Sasiry 
3410 A. College RD 
Fairbanks, AK 99709
Email: sa-sirr k anriiifcteaft -̂ggdifferi a il.rt >m

Re: Credit Card Payment
SwRI -1,08,05,10959.01.024 [WO# 27783]

Dear Mr. Sasdy:

Testing is complete on your diesel fuel sample (ID: ESS Batch 1 Sample 3) submitted for 
lubricity' by test method ASTM D6078. The 4~o* container was received 12-Oer.-04 and in 
good condition Results are as follows:

D r s r r i p h n n  R e s u l t s

Average of the applied load in grams 2950
Date of Testing 13-Oct-04
Any deviations from the test conditions None

Test aliquots were taken in accordance to the listed test procedure. Analyses were performed 
in accordance with the test procedure used with no deviations or modifications. The analyses 
pertain only to the sample(s) received by Southwest Research Institute and represent only a 
sampling of this batch. This report shall not. be reproduced except in full without die express 
written permission o f Southwest Research Institute. If you have any questions or need any 
further information, please call me at (210)-522~20?l or by email at KJK.cihkg;S.\\dl Liirg.

Sincerely,

B, &***-
Karen B. Kohl Manager 
Fuels and Lubricants Research 
Petroleum Products Research Department
Office of Automotive Ejtgmmng ■ Division OS

C O  S h a n n o n  W a ts o n
University of Alaska Fairbanks 
525 Duckedhg Bldg.
Fairbanks, Alaska 99775-5910

ESS Batch 1 Sample 3 (OPAJCJN4) 10-11-04 - Sastry 

HOUSTON, TEXAS (713) 9770 377 * WASHINGTON, DC (301) 881-0226

http://WWW.SWRI
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C.0.4 Lubricity test report on Syntroleum S-2 (Batch 2, Sample 2):

6220 AC. 76236-5166 *  P.O. ORAWfcA 28510 78228*0510 •  SAN ANTONIO. TEXAS* USA *  (210) 664-51 I f  ♦  WWW SWBi ORG

October 21,2004

Mr. Kanthikiran Sastry
341Q A. College ED
Fairbanks, AK 99709
Email: s as trykantbikinm@redi ffmail com

Re: Credit Card Payment
SwRI - 1,08.05.10959.01.024 [WO# 27B69]

Dear Mr. Sastry:

Testing is complete on your diesel fuel sample (ID: ESS Batch 2 Sample 2) submitted for 
lubricity by test method ASTM D6078- The 4 ^  container was received 20 Oct l)4 and in 
good condition. Results are as follows:

Description   Results

Average of the applied load in grams 3850
Date o f Testing 20-Oct-G4
Any deviations from the test conditions None

Test aliquots were taken in accordance to the listed test procedure. Analyses were performed 
in accordance with the test procedure used with no deviations or modifications. 1 he analyses 
pertain only to the samplers) received by Southwest Research Institute and represent only a 
sampling of this batch. This report shall not be reproduced except in full without the express 
written permission of Southwest Research Institute- If you have any questions or need any 
further information, please call me at (210)~522-207l or by email at K.Kohl@SwrRLorg.

Sincerely,

K kk  B.
Karen B. Kohl, Manager 
Fuels and Lubricants Research 
Petroleum Products Research Department
Offke of Automotive E ngm m g— Dmdon OS

CC: Shannon Watson
University o f Alaska Fairbanks 
525 Duckermg Bldg.
Fairbanks, Alaska 99775-5910

ESS Batch 2 Sample 2 (OPAJBJU4) 10-29-04 - Sastry 

WASHINGTON. DC (301) &81-0326HOUSTON, TEXAS ?7t3> 577-1377
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C.0.5 Lubricity test report on Syntroleum S-l (Batch 3, Samplel):

6220 CULEBRA BD 516€- * P.O.. DRAWER 2*510 78228 0510 * SAN ANTONIO, TEXAS, USA * (210)684=5111 •  WWW.SWRi.ORO

November 30, 2004

Ms. Shannon Watson
Institute of Northern Engineering
University of Alaska Fairbanks
306 Tanana Drive, Duckenng Room 525
Fairbanks, AK 99775-5910
Phone; (907) 474*7728
Fax; (907) 474-7041
Email: sas trykan thiktnm@redi i fmatl.com

Re: Credit Card Payment
SwRI - 1.08.05.10959.01.024 [WO# 28137]

Dear Ms* Watson:

Jesting is complete on your diesel fuel sample (ID: Batch 3 Sample I) submitted for lubricity by test 
method ASTM D6078. The 4-0% container was received 16~Nov-04 and in good condition. Results 
are as follows:

Test aliquots were taken in accordance to the listed rest procedure. Analyses were performed in 
accordance with the test procedure used with no deviations or modifications. The analyses pertain

Southwest Research Institute* If you have any questions or need any further information, please call 
me at (210V522-207I or by email at K.I<ohl@SwRI.org.

Karen B> Kohl, Manager 
Fuels and Lubricants Research 
Petroleum Products Research Department
Qfjiit of. 'lutomoim Engineering - Division 08

CC: $ as trykan thiktran @r edi ffmail.com

Description Results

Average of the applied load in grams 
Date of Testing
Any deviations from the test conditions

2600
18~Nov-04

None

only to the sample(s) received by Southwest Research Institute and represent only a sampling of this 
batch. Tins report shall not be reproduced except in full without the express written permission of

Sincerely,

ESS Bauh 3 Smmpk 1 pPA]EKK 4) 1 U t6-04 Joe
Pag 1 o ff

HOUSTON, TEXAS t?13) 977-1377 ♦ WASHiNGTON. DC (331) 381-0226

http://WWW.SWRi.ORO
mailto:ohl@SwRI.org
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C.l Lower heating value, lubricity of bio-diesel and blends of Syntroleum S-l and 
bio-diesel reports from SWRI:

S O U T H W E S T  R E S E A R C H  I N S T I T U T E ®
6220 CULESRA RD. ?523S S16S » P.O. DRAWER 28S 50 79228-431C •  SAN ANTONIO, TEXAS. USA, ♦ (2tC) 984*5111 •  WWW.SWRI ORG

April 11,2005

Mr. Sastry Kanthikiran
Institute of Northern Engineering
University of Alaska Fairbanks
306 Xanana Drive, Duckering Room 525
Fairbanks, AK 99775-5910
Phone: (907) 474-7409
Email: s astrykanthikkan@rediffmail.com

Re: Credit Card Payment
SwRI -1.08.05.10959.01.024 [WO# 29544J

Dear Mr. Kanthikiran:

Test analysis is complete, as requested, on your two sample received March 31, 2005. The 4 ^  
coctainer was received in glass jars and in good condition. Sample ID, test method, and results 
are shown in the following summary table.

Test aliquots were taken in accordance to the listed test procedure. Analyses were performed 
in accordance with the test procedure used with no deviations or modifications. The analyses 
pertain only to the sampled) received by Southwest Research Institute and represent only a 
sampling of this batch. This report shall not be reproduced except in tull without the express 
written permission of Southwest Research Institute.

If you have any questions or need any further information, please call me at (210)-522-2071 or 
by email at K. Kohl@SwRI.org.

Sincerely,

Karen B. Kohl, Manager 
Fuels and Lubricants Research 
Petroleum Products Research Department 
Office of Automotive Engineering

Biiiiiitfi/ Samples (OPyiiCDKS) 3-31 -05./foe 
Pat* t $ 2

HOUSTON TEXAS {713) 977 1377 *  WASHINGTON, OC (301) 881 0226

http://WWW.SWRI
mailto:astrykanthikkan@rediffmail.com
mailto:Kohl@SwRI.org
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April 11, 2005

Mr. Sastry Kandiikiran 
Institute of Northern Engineering

Southwest Research Institute 
Test Summary Report 

SwRI WO# 29544

100% biodiesel Batch 3 ^biodiesel

ASTM D607S - SLBOCLE
Average of the applied load in grams >6000 3350
Date of Testing 4/6 /05 4/6/05
Any deviations from the test conditions None None

ASTM D4809 (Heat of Combustion)
Low Heating Value (BTU/lb) 16115.6 N/A

ASTM D60/8 Scuffing Load BOCLE -  test limit is 6000 grams.
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C. 2 Referred handbook data sheets:

Figure C.l Perry’s Handbook data for calculating specific heat of coolant
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Figure C.2: Perry’s Handbook data for calculating specific heat of exhaust
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Figure C.3: Laminar flow element calibration sheet
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