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Abstract 

An Experiment to Study the Gaseous Emissions of a Gas Turbine Operated with Biodiesel 

as Fuel  

Author: David Lee Rochelle 

Advisor: Hamidreza Najafi, Ph.D. 

A continually growing awareness of the finiteness of fossil fuel availability coupled with 

an ever better understanding of the negative effects of fossil fuel consumption has 

motivated a search for fuels that can be used in place of fossil fuels, but which can be 

derived from sustainable sources such as growable organic matter.  While much work has 

been done to understand these substances and apply them on a larger scale (indeed, 

biodiesel is commonly included in commercially available diesel fuels at fuel pumps); the 

unique nature of the operating environment for aviation fuels has complicated the 

application of these substances to the aviation community.  To study this problem further, 

the student has directed a project to construct a functional jet engine test cell with Larsen 

Motorsports.  Construction was achieved over the course of two years, providing valuable 

design, engineering, and fabrication experience for dozens of college students.  Using this 

test cell, an experiment has been conducted that explores the gaseous emissions of an axial-

flow turbojet engine operated using a spectrum of biodiesel/Jet-A blends as fuel.  Data 

from this experiment demonstrates the possibility for significant reduction of greenhouse 

gas emissions from a turbine operated on these blends, and even the potential for a 

reduction in oxides of nitrogen.  Results were compared to equilibrium chemistry modeling 

conducted using NASA’s CEA software tool.  A significant change in engine performance 

and response was noted between different batches of biodiesel, likely due to differing 

compositions of the fuel. 
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Chapter 1 

Introduction 

What is Biofuel? 

In a broad sense, biofuels are simply any fuel source derived from organic 

matter.  Taken this way, biofuels include commonly used legacy energy sources 

such as fire woods, animal fats and oils, charcoals, animal dungs, and vegetable 

oils.  While these have been common and pervasive fuel sources throughout most 

of human history, the relatively recent advent of fossil fuel usage and nuclear 

energies has advanced human energy consumption beyond the ability to be 

supported by traditional biofuel sources.  As the reality of eventual fossil fuel 

depletion and our effects on our global environment become more readily 

acknowledged, biofuels are being considered as an alternative to fossil fuels.  The 

biofuel landscape must be substantially different from that of burning wood and oil 

lamps, however.  In the near term, biofuels must be adapted to mimic the 

performance and physical characteristics of fossil fuels.  Certain biofuels are better 

for this than others, and those are the focus of this study.1-4 
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Biofuels are classified according to the material they are produced from.  

Biofuels that are suitable for the purposes described above can be produced from 

vegetable oils, animal fats, and algae.  While each of these sources falls somewhere 

on a spectrum of usability, some of the best understood biofuels for use in current 

engines without modification are Fatty Acid Methyl Esters or biodiesels produced 

through a transesterification process involving methanol.  These are derivatives of 

vegetable oils, and are quite similar to fossil diesel fuel from a physical 

characteristics and chemistry standpoint.1-21 

Why Biofuel? 

The primary advantage of biofuel is the closure of the carbon cycle.  With 

the use of biofuels, some portion of the combustion products from its combustion 

are simply returning to the atmosphere that they came from.  As such, while the 

combustion chemistry doesn’t necessarily change, the net impact on the 

environment does. 

Selecting Biodiesel as an Object of Study 

 This study is being conducted with the support and resources of a jet 

dragster racing team.  Due to the operating environment of these dragster, many of 

the fuel requirements that will be discussed pertaining to use in an aviation 

environment are not applicable.  To help the team reduce their greenhouse gas 
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emissions without negatively impacting team operations, there are several 

requirements concerning the fuel that must be addressed and several fuel 

specifications for jet fuel that can be discarded. 

 The requirement of Jet-A to remain viable in very low temperatures is not 

applicable.  Dragsters are simply not operated when ambient temperature is lower 

than about 0 C.  The heating value requirements are also not of much value, 

provided that the engine thrust on biofuel can match engine thrust on fossil fuel. 

 What is important to the team is availability of the fuel.  The dragsters 

spend much of the year travelling to different locations nationwide and must source 

fuel locally.  Also, the fuel must not be damaging to engine or fuel system 

components.  The team is willing to adopt new procedures to ensure these 

requirements. 

 These requirements highlight biodiesel as a suitable alternative fuel to 

study.  It is regularly available near race locations at petroleum distributorships and 

shouldn’t damage the engines or components as long as the fuel system is purged 

following use. 
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Chapter 2 

Literature Review 

Compositions and Sources 

Biodiesel produced from vegetable oil can be made from a large variety of 

plants and can either be produced directly for fuel use (virgin oils), or recycled 

from used vegetable oil.  Virgin oil production can be done using edible oils such 

as mustard, castor, corn, palm, peanut, rapeseed (canola), soybean, sunflower, 

hemp, and cottonseed oils; or by inedible oils primarily used as fuel sources such as 

petroleum nut, Nahor, milk bush, paradise, and jojoba oils.  The diesel engine was 

originally designed with vegetable oil fuels in mind.  While diesel engines can 

operate on vegetable oils in theory, in practice most diesel engines are designed for 

fossil fuels with much different physical characteristics that make fuel system 

compatibility troublesome.  To bring substance characteristics closer to standard 

fossil fuel, biodiesel production from vegetable oils involves trans-esterification 

with an acid catalyst.  The catalyst and amount varies with each specific recipe.  

The primary goal of the transesterification process is to reduce the viscosity of the 

source vegetable oil such that it is physically similar to fossil fuels.1-6,8,11,13,16,17 

There are currently more than 350 crops known to be suitable for producing 

oil for biodiesel production.  Biodiesel production cost is largely coupled to 
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feedstock selection.  As biofuels are a relatively new area of interest for many 

endeavors, current production is largely from edible crops that are already being 

grown in some quantity.  As such, the current biodiesel production system pits 

energy production against food production.  This is certainly not a desirable end 

result but may serve as a suitable medium-term solution to grow biofuel production 

and distribution infrastructure.  Ultimately, biofuel production must shift to non-

edible vegetable oils or other spare resources to remain economical and 

environmentally friendly. 1-6,8,11,13,16,17 

 As vegetable oil-based biodiesel is made from a variety of sources, 

its qualities certainly vary.  Fatty acid and therefore hydrocarbon profiles of the 

finished product are substantially the same as the vegetable oil from which they are 

derived, but the composition is dependent upon not only the source plant but also 

the part of the plant used.  For example, the fatty acid composition of oil extracted 

from the olive kernel is different from the composition of oil extracted from the 

pomace.  Due to this inconsistency in composition, the lack of standardization 

among sources of relevant data on physical characteristics, and the various methods 

of biodiesel production (using ethanol instead of methanol, for example), compiling 

and comparing the physical characteristics of a wide variety of biofuels proves 

problematic.  Work has already been started to remedy this problem within this 
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field.  Sajjadi et al. have collected an excellent comparison of the properties of 68 

different biodiesels from edible and non-edible sources.1-6,8,11,13,16,17 

Using animal fats to produce biodiesel fuel is relatively straightforward.  

The fat is rendered into a liquid and filtered to produce a useful oil.  After this, the 

oil is treated with a catalyst much like the vegetable oils.  Characteristics of the 

resultant fuel are determined by the animal fat used, with major differences in the 

cloud point.  A higher cloud point will result in a fuel with less ability to be used at 

cooler temperatures and is therefore less desirable.  These fuels can be mixed with 

other fuels in small amounts without substantially affecting the cold temperature 

qualities of the fuel.  While it is not feasible or environmentally sound to undertake 

a substantial animal farming system to produce biofuel, waste animal fats can be 

used to supplement current fuel production techniques.  Animal fat based biofuels 

do have a better resultant emissions profile and very low production costs.  Their 

only major competition as a commodity is soap.2,3,6,9,11,16 

Algal biodiesel will not be a focus of this paper, but I will cover some 

basics.  Algal biodiesel production involves extracting the oily lipid portion of the 

algal mass from the rest of the biomass.  The US DOE found that about 60% of the 

mass of algae can be converted to biodiesel, which, when combined with its 

independence from the need for arable land and fast growth rates under the correct 

conditions, makes this source very attractive as a replacement for a substantial 
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portion of our petrodiesel fuel supply.  The largest disadvantage is the costly 

refining process.3,7,12,15,18-21 

Standards 

 Table 1 contains comparisons of the specifications for Jet-A and Biodiesel 

in the United States, along with a comparison of the relevant values for canola 

(rapeseed) oil-based biodiesel. 

Jet-A and Jet-A1 are identical standards apart from freezing point.  Jet-A is 

the US spec, Jet-A1 is used in Europe.  Therefore, Jet-A and Jet-A1 will be 

discussed homogeneously for the purposes of this review.  Standards for Jet-A fuel 

used in aviation gas turbines and biodiesel are not directly compatible as provided 

by ASTM D1655 (Standard Specification for Aviation Turbine Fuels) and ASTM 

D6751 (Standard Specification for Biodiesel Fuel Blend Stock (B100) for Middle 

Distillate Fuels).  One of the primary concerns with jet fuel is the need to operate at 

very low temperatures due to the altitudes involved.  As such, Jet-A is required to 

have a freezing point below -40C and Jet-A1 is even lower at -47C.  Typical values 

for the cloud point (the point at which waxes within the fuel solidify, changing the 

appearance of the fuel and increasing its resistance to flow through filters and 

pumps) of biodiesel are much higher, in the -25C to 26C range.  This means that 

running an aviation gas turbine on pure biodiesel (B100) is not a feasible 

suggestion.  However, testing has determined that mixtures up to 20% (B20) can 
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likely be used while remaining in the ASTM D1655 spec and requiring minimal or 

no modifications to a gas turbine and its fuel system.16,22-24  

Table 1 - Comparison of Specifications for Jet-A and Biodiesel Blend Stocks 

Spec Jet-A Biodiesel Canola Oil B100 

(values) 

Density @ 15C 

(kg/m^3) 

775-840 852-922 (No spec, 

typical values) 

878 

Viscosity (mm^2/s) <8.0 (at -20C) 1.9-6.0 (at 40C) 4.42 (at 40C) 

Flash Point (C) 38 93 172.36 

Freezing Point (C) -40 (-47 for Jet A-

1) 

N/A N/A 

Cloud Point (C) N/A -25 to 26 (No spec, 

typical values) 

-3.25 

Heating Value 

(MJ/kg) 

42.8 Min 34.4-45.2 (No spec, 

Typical values) 

38.75 

Total Sulfur .3 (% by weight) 15 (ppm) 2 (ppm) 

Acidity (mg KOH/g) .1 .5 .49 
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Biodiesels tend to be less viscous than their fossil fuel counterparts.  As 

such, ability to lubricate reciprocating parts in compression ignition engines that 

typically rely on fuel lubrication is a concern.  Fortunately for gas turbine engines, 

these concerns are diminished to just the fuel system.  Additionally, biodiesels tend 

to have higher lubricity ratings than standard Jet and diesel fuels due to the 

presence of esters in the fuel.  While the higher lubricity of biodiesels has a shorter 

shelf life than contemporary fuels, if used soon after production biodiesel should 

not be detrimental to fuel system performance or longevity.2,16  

However, biodiesels are not chemically compatible with many fuel system 

components due to its ability to interact with metals and dissolve elastomers used in 

fuel systems.  Older fuel systems utilizing nitrile rubbers, polypropylene, polyvinyl, 

or Tygon are particularly vulnerable.  These materials undergo chemical changes 

when exposed to almost any hydrocarbon, but the reactions are minimal with most.  

Biodiesel, on the other hand, will dissolve these elastomers.  The result is a mass 

and volume change in the elastomer as it absorbs the biodiesel, a prevalence of 

surface damage such as cracking to the elastomer body, a reduction in the tensile 

strength of the elastomer material, and (coupled with oxidation of the biodiesel) 

hardening of the elastomer material.  These effects combine to produce a serious 

failure hazard for an unprepared fuel system.  With enough exposure, a fuel system 

rupture is nearly certain.  Additionally, exposure to these materials causes changes 
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in the acid contents of the biodiesel, leading to a change in the biodiesel properties 

and accelerating the solvent process on elastomers.  This reaction can be somewhat 

mitigated by using elastomers with higher acrylonitrile content.  Some studies have 

suggested that the use of biodiesel blends more than B5 would be detrimental to the 

performance of older fuel systems.  Newer fuel systems using Viton or Teflon seals 

are safe to use with B100, but this would require substantial refit of many engines 

currently in use within the aviation market.25-27 

Brass, bronze, copper, tin, and zinc are also unsuitable for use within a 

B100 system, due to the effects of the metals on the fuel.  These metals will rapidly 

oxidize the fuel, leading to fuel gelling and insolubles problems, as well as further 

accelerating the previously discussed solvent problems.  Steels, particularly 

stainless and carbon steels, and aluminum have no adverse reactions with biodiesel.  

Below B20, these problems are substantially mitigated, though increased inspection 

of seals, tubes, pumps, and valves for adverse wear or leaks is highly 

recommended.16,28,29  

In addition to these concerns, biodiesel acts as a corrosive agent to many 

metals.  It has been demonstrated to corrode copper, carbon steel, aluminum, and 

stainless steels more rapidly than its fossil fuel counterparts.  Coppers and mild 

steels are particularly sensitive to biodiesel driven corrosion, while aluminum and 

stainless steels are considerably more resistant.28,29  
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Another concern with viscosity is again related to cold fuel performance.  

The specifications for viscosity for Jet-A are set at a considerably lower 

temperature than for biodiesel, making direct comparisons of the specification 

challenging.  Viscosity vs temperature profiles of the relevant fuels would be 

helpful, but have not been collected by the author at this time.  Given cloud and 

pour point values, however, it would be safe to assume for now that biodiesels will 

not meet Jet-A’s low temperature viscosity specifications.2,16,30 

There is no specification for the density of biodiesels, and they do not fall 

within the specification set for Jet-A.  Consequently, the two will need to be mixed 

to maintain a fuel within the Jet-A specification for gas turbine engines.  As long as 

other physical properties such as viscosity, lubricity, and heating value are within 

appropriate ranges; this likely doesn’t pose a problem for system operation or 

longevity. 2,16,30 

The energy content of biodiesels varies with respect to Jet-A, but typically 

falls a little lower.  Canola oil biodiesel, for example, has a heating value 4.05 

MJ/kg lower than the minimum spec for Jet-A.  This suggests that slightly more 

fuel will be necessary to produce a given power output using a biodiesel fuel or 

blend as compared to Jet-A.  While the difference in a B20 blend is small, this 

conclusion has been supported through modeling and experimentation.  In order to 

produce a biodiesel that meets the Jet-A spec for this quality, it may be necessary to 
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select certain source crops that yield higher heating value fuels, such as Jojoba or 

Camelina crop sources. 2,16,30 

Acidity is an area where specifications for Jet-A and biodiesel differ 

significantly.  While neutralization values are different, more research is required to 

determine the effect (if any) that this will have on engine systems.16 

Specifications (where they exist) for contaminants are largely comparable.  

Jet-A is much less regulated in this regard, and biodiesel should be able to meet 

these specifications easily.  

There are significant performance gaps between Jet-A and biodiesel, which 

is to be expected given that the purpose of biodiesel is to be a replacement for 

diesel and not Jet-A.  However, many of these performance gaps can likely be 

bridged by mixing of the fuels or, perhaps, by introducing some of the Jet-A 

additives to biodiesel.  Jet-A gets a significant quantity of detergents, anti-icing 

agents, and corrosion inhibitors added to it dependent upon the anticipated 

operating environment and contract agreements.  It is the authors’ assessment that a 

closer examination of the impacts of these additives on biodiesel is warranted.  

Combustion Modeling for Biodiesels 

The combustion process is one that still needs much work to be fully 

understood.  Complete or near complete understanding of the most basic of fuel 

combustion processes is only now being achieved, and fully understanding the 



13 

 

combustion of a fuel as complex as biodiesel is not likely in the near future.  As 

such, the best that can currently be done is to use some tried and true methods of 

combustion modeling and an understanding of the chemical properties of biodiesel 

to approximate and predict the behavior of the fuel under combustion conditions.  

With this in mind, the process of modeling kinetic and equilibrium combustion 

chemistry of biodiesel is very much a process of better understanding the chemical 

composition of the fuel itself.  Equilibrium and kinetic modeling of combustion 

processes are well discussed in other works, as is spray flame structure; and they 

will not be discussed here other than to outline aspects of these subjects that are 

specific to biodiesel.31-59 

Additionally, modeling and experimentation are very interwoven concepts 

for the combustion of something as complex as biodiesel.  While gas turbine 

analysis is well understood, more effort must be taken to understand the effects that 

the physical characteristics of biodiesel will have upon its use in a gas turbine.  

Optimization will require a good understanding of biodiesel behavior through the 

fuel system, including its atomization and evaporation characteristics within the 

combustor.  While some options have been explored for modeling these 

characteristics, these are usually more practical to obtain by experimentation than 

by predictive modeling.33,34,39,46,47,50,55-57 
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Equilibrium Chemistry 

Understanding and modeling equilibrium chemistry for biodiesels is critical 

to understanding its emissions profile, ability to release energy, and stoichiometry.  

Chemically, biodiesel is a combination of alkyl C12-C22 Fatty Acid Methyl Esters. 

Some of the most common hydrocarbons found in biodiesel are Methyl Palmitate 

(C17H34O2), Methyl Linoleate (C19H34O2), Methyl Oleate (C19H36O2), Methyl 

Stearate (C19H38O2), and Ethyl Stearate (C20H40O2).  While this may adequately 

describe the largest portion of biodiesel hydrocarbons, biodiesel is not simply one 

of these substances or a fixed mixture of them.  Gas chromatography and mass 

spectrometry analysis of biodiesel blends have demonstrated large variation in 

specific hydrocarbon content dependent upon the biodiesel source.  Even biodiesel 

produced from various parts of a single plant can have vastly different fatty acid 

profiles.  The typical intuition, then, is to begin modelling biodiesel as one of the 

hydrocarbons that it characteristically contains in high concentrations.  Modeling as 

Methyl Linoleate is perhaps a reasonable place to start and will often produce 

results that are comparable to experimental findings but tends to produce erroneous 

product species results with lower flame temperatures.8,44 

An alternative means of modeling is to disregard the actual hydrocarbon 

mixtures of the fuel and instead attempt to model a mixture of hydrocarbons that 

will most closely approximate the C:H:O ratio of the biodiesel in question using a 
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single step equilibrium chemistry process.  Utilizing this approach has yielded 

positive results while modeling a mixture of 2/3 n-heptane and 1/3 methyl 

butanoate for an approximate average C:H:O ratio for typical biodiesel.  This leads 

to composition of C19H42O2 for chemical equilibrium modeling purposes and 

tends to produce relatively accurate results.  This approach is more of a fit to 

experimental results than any true understanding of the chemical mechanisms of 

biodiesel combustion.  Using this mixture to model chemical equilibrium for 

biodiesel and determine mole fractions of selected exhaust gases using NASA’s 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

B0 B1 B2 B5 B10 B20 B40 B60 B80 B100

M
o

le
 C

o
n

ce
n

tr
at

io
n

Biodiesel Concentration by Weight (B0 = 0% Biodiesel)

Effect of Biodiesel Introduction on Selected Exhaust 
Species Concentrations

CO CO2 NO

Figure 1 - Effect of Biodiesel Introduction on Selected Exhaust Species Concentrations 



16 

 

CEA software yields Figure 1 demonstrating reasonable combustion behavior for 

biodiesel when mixed with Jet-A.44 

While this method appears to be effective, this method is a gross 

simplification of the combustion process and is only valuable as an avenue to 

understanding the combustion products and heating value from vegetable oil-based 

biodiesel. 

 Heating value is a measure of the amount of energy released when a unit of 

fuel is combusted.  In theory, this value can be determined largely by understanding 

the equilibrium chemistry of the fuel.  The energy released is directly due to the 

change in energy required to bond the atoms of the fuel together into molecules.  

As such, the heating value can be determined by calculating the bond energy of a 

unit of fuel and oxidizer and comparing that to the bond energy of the products of 

such combustion.  The difference is the heat released during combustion.  In 

concept this is simple.  In practice, the complexity of hydrocarbon fuels and 

particularly of biodiesel make this difficult.  Lopes et al. considered methods to 

model heating values for biodiesel and biodiesel/diesel mixtures, building on the 

work of SGS and BMW.  They found that with a solid understanding of the C:H:O 

ratio of a biodiesel, the lower heating value of the fuel could be closely estimated 

by equation (1).  This equation yields results very similar to experimental 

evaluation of heating values for biodiesel and biodiesel/diesel blends.  They also 
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verified that the heating value of a blend of fuels can be calculated easily if the 

heating value of both substances in the fuel is known by simply summing the 

products of the heating value of the substance and its fraction of the total content of 

the fuel.  For biodiesel mixture with Jet-A, then the heating value could be 

calculated by equation (2).52 

𝐿𝐻𝑉 = 0.022 + 0.3394𝐶 − 0.122𝑂 + 1.033𝐻   (1) 

𝐿𝐻𝑉 = 𝐿𝐻𝑉𝑎 ∗ 𝜌𝑎 + 𝐿𝐻𝑉𝑏 ∗ 𝜌𝑏     (2) 

Where 𝐿𝐻𝑉𝑎 is the lower heating value of Jet-A, 𝜌𝑎 is the concentration of Jet-A, 

𝐿𝐻𝑉𝑏 is the lower heating value of the biodiesel, and 𝜌𝑏 is the concentration of the 

biodiesel in the blend. 

Combustion Kinetics 

 Understanding the kinetics of combustion is key to understanding when and 

where combustion processes will occur.  Kinetics modeling is done at the 

molecular level and is well understood but difficult to accomplish completely.  The 

challenge presented by kinetics modeling is in being able to model all the species 

of molecules and radicals that occur during oxidation and determine the effects of 

these chemical changes on the production of other species.  Kinetics modeling can 

be scaled by limiting the number of species equations used in the model, with the 

understanding that greatly simplifying the model will reduce its accuracy.  When 

properly conducted, a model will be able to predict the concentration of any species 
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present during oxidation at any time.  Accurate kinetics modeling typically requires 

the use of a specialized software tool such as EXGAS or CHEMKIN.  Due to its 

complexity, modeling for biodiesel has largely been attempted by endeavoring to 

match the performance of simpler surrogate fuels or combinations to experimental 

data collected using biodiesel and building on these simple models.  These models 

were of great help with understanding the oxidation of alkyl esters, but did not 

demonstrate all of the observable qualities of biodiesel combustion.44 

Biofuel Gas Turbine Experimental Studies 

 Experimental work in this field is surprisingly sparse, particularly for full-

size gas turbines.  Several experiments have been conducted using micro-turbines 

(a subset of power generating turbines that can generate up to 30KW) that have 

been developed to provide more compact power generation and as relatively 

inexpensive test beds for concepts that may later be applied to full-size gas 

turbines.  Far fewer experiments have been conducted using full-size turbines, due 

to the risk of damage to the turbine.2,60-68 

 Nascimento and company have conducted detailed simulation and 

accompanying experimentation on operating a 30KW gas turbine on castor oil and 

diesel fuel blends.  Their evaluation focused on the thermal efficiency of the gas 

turbine when operated with biodiesel and blends, the emissions profile of the gas 

turbine when operated with these fuels as opposed to Jet-A, and the potential for 
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negative effects on the turbine during sustained operation with a biodiesel blend 

fuel.  Simulation was conducted first, using GE Gate Cycle Enter 5.51 software.  A 

numerical simulation of the microturbine was constructed.  This model accurately 

represented the centrifugal compressor, regenerative cycle micro turbine being used 

in the lab.  Gate Cycle is a component point software that can be used to simulate a 

wide variety of thermal cycles including nuclear power plants, combined cycle 

plants, advanced gas turbine cycles, and others.  The micro-turbine was simulated 

using the following standard components available within the software: a 

compressor, admission and exhaust systems, heat exchanger (regenerator), 

combustion chamber, fuel mixer and a turbine coupled to an electrical generator.  

Design conditions for the turbine were set utilizing the software library, the turbine 

manufacturer’s specifications, and some trial and error.  The resulting numerical 

model for the turbine proves to be an accurate representation.  Testing was 

conducted at full and partial loads utilizing B50 and B100 blends with traditional 

diesel.  High correlation was found between the numerical modeling and the 

experiment from full power down to about 12KW (40%) power load.  The 

deviation below 40% is attributed to the fact that compressor and turbine thermo-

aerodynamic maps are not available from the manufacturer and had to be iteratively 

derived to match turbine full power operation with the characteristics provided by 

manufacturer literature.  This test demonstrated that the lower heating value of 
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biodiesel resulted in a higher specific fuel consumption rate.  No changes in the 

operation of the turbine (such as vibrations, starting difficulty, unusual noises, etc.) 

were observed.  An increase in carbon monoxide emissions was observed, along 

with a decrease in nitrogen oxides.  Sulphur dioxide was not present in the exhaust 

gases when operating with B100, which is to be expected, given that biodiesel has a 

high lubricity due to the presence of esters and does not require Sulphur as a 

lubricating agent.  Surprisingly, no unburned hydrocarbons were detected in the 

exhaust stream while using B100, indicating a complete combustion.  Results show 

a less than 6.5% variation between the model and experiment above 50% power, 

demonstrating that thermal modeling can be accurately conducted utilizing a 

component-based software such as Gate Cycle to validate biodiesel performance in 

thermal systems.  Accurate performance maps provided by the manufacturer would 

likely enhance this capability.66 

Chiaramonti et al. studied the performance of micro gas turbines when 

fueled by a variety of alternative fuels including biodiesel.  Their experiment is 

particularly interesting since it provides data not just on biodiesel, but also on the 

operation of a micro gas turbine when operated on diesel, which biodiesel is truly 

intended to mimic, as well as other, less refined, biofuels such as raw vegetable oil.  

Primarily their work was focused on recording the change in fuel consumption for a 

given power output (the effect of different heating values) and the change in 
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exhaust gas emission (particularly NOx and C0).  Diesel fuel is used as the control.  

Many mixtures of biodiesel and vegetable oil were tested.  In support of this 

experiment, a test bench was designed and built including a micro gas turbine 

attached to a generator, a resistive load element, three fuel tanks to operate with 

multiple fuels, and a variety of sensors and control systems for data collection and 

operation purposes.  The micro gas turbine used in this particular experiment is a 

repurposed military auxiliary power unit (APU) model Garrett GTP 30-67.  It is 

attached by way of reduction gears to an AC generator.  This micro gas turbine 

features a combustor design amenable to modification for the non-standard fuels 

that were tested.  Due to the nature of AC generators, this test bench was operated 

at full speed only (52,870 rpm), from no load to full load conditions.  To 

accommodate the variation in fuel viscosity, the fuel system is designed to preheat 

the fuel prior to entry into the fuel flow control system, and then heat it again just 

prior to injection to improve atomization.  CFD analysis of the combustor chamber 

was conducted to gain an understanding of the chamber suitable to interpretation of 

the results of the experiment.  Exhaust gas composition was used as an indicator of 

combustor performance; namely, to evaluate fuel atomization and mixing quality, 

and to assess the prevalence of cold and hot spots within the combustor.  Baseline 

performance was established with the turbine operating on diesel fuel.  In general, 

as load increased; CO concentrations decreased, NOx concentrations increased, and 
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unburned hydrocarbon (UHC) concentrations decreased.  Emissions concentrations 

were found to be rather skewed as compared to other similarly sized gas turbines, 

but this should have no effect on the relative rates of flue gas concentrations as 

different fuels are tested.  Concentrations of CO were found to be particularly high, 

while NOx concentrations were extremely low.  This is highly indicative of a 

colder than normal combustor chamber.  Biodiesel was found to produce 

significantly higher concentrations of CO in the flue gas as compared to diesel.  CO 

emissions of both fuels could be greatly reduced by preheating the fuel, however, 

this effect was more prevalent in the biodiesel than diesel.  It is suggested that this 

is observed due to the decrease in fuel viscosity due to heating providing for 

improved fuel atomization.  This effect was also mitigated at higher power levels, 

where the higher combustor temperature reduces CO emission naturally.  Fuel 

consumption for biodiesel was also found to be higher, which is consistent with the 

lower heating value of biodiesel.  Vegetable oil was found to consistently produce 

about twice the concentration of CO as biodiesel.  Additionally, vegetable oil was 

found to not be conducive to stable gas turbine operation.  Flameouts were a 

considerable problem with vegetable oil mixtures, particularly at or near idle 

conditions.  This is believed to be due to the viscosity and surface tension of the 

fuel leading to very poor atomization.  While biodiesel produced roughly 30% 

higher CO emissions under identical conditions to the control fuel, vegetable oil 
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mixtures in excess of 50% produced CO concentrations 120% higher than the 

control fuel even when significantly preheated.61 

In an experiment published in 2010, Habib et al. tested the performance of a 

30 kW microturbine when fueled with various biofuels as compared to Jet A.  This 

was the first published incidence of controlled testing of multiple biofuel blends 

with Jet A in a gas turbine.  Canola, soy, and rapeseed based biodiesels were tested 

in pure form and in B50 mixture with Jet A.  Additionally, hog fat based biodiesel 

was tested at a B50 mixture with Jet A.  The test unit was a 30 kW gas turbine 

located in the propulsion laboratory at the University of Oklahoma.  The engine 

was rated for a maximum thrust output of 178 N, with a mass flow rate of .5 kg/s.  

Maximum turbine operating speed was 87,000 rpm.  The compressor and turbine 

were both single stage pieces, with the compressor being a centrifugal type and the 

turbine being an axial flow design.  Temperatures and pressures were monitored at 

the compressor inlet and outlet, turbine inlet and outlet, and at ambient conditions.  

Engine parameters such as fuel flow rate, rpm, and oil and fuel pressures were also 

monitored.  Finally, a calibrated load cell was used to record thrust.  This data was 

used to calculate thrust specific fuel consumption and thermal efficiency.  To 

protect from potential damage to the fuel control system due to exposure to 

biodiesel, the test utilized a source selectable fuel system to start and shut down the 

turbine using Jet A.  As such, starting characteristics were not determined on 
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biofuel blends, only continuous operation.  Gas sample probes within the exhaust 

hushkit were used to record CO, CO2, O2, and NO concentrations in the exhaust 

gases.  Soot was only monitored for visually, and no soot was observed throughout 

the experiment.  All tests were conducted with an ambient temperature variation of 

less than 20 F.  Static thrust measurements were comparable for a given engine rpm 

for all fuels except rapeseed biodiesel when B50 mixtures were tested.  Thrust 

specific fuel consumption tended to be higher than Jet A for B100 mixtures at high 

rpm, but lower than Jet A at lower rpm.  The higher consumption is expected due to 

the lower heating value of biodiesel.  The lower fuel consumption at lower rpm 

may indicate more complete combustion for B100 under these conditions.  B50 

demonstrated TSFC data that is almost identical to Jet A.  Thermal efficiency rises 

with engine rpm for all fuels.  Notably for this experiment, thermal efficiency also 

rises with higher concentrations of biodiesel.  This is likely due to the oxygen 

content of the biodiesel, resulting in leaner fuel/air ratios and a more complete 

burn.  Turbine inlet temperature was comparable to Jet A at higher rpm for all 

tested biofuels, but lower at lower RPMs.  As a general rule, higher biodiesel 

blends resulted in higher CO2 concentrations, but lower CO and NOx 

concentrations per unit thrust.  No meaningful change in O2 concentration was 

discovered, however this is not surprising given the abundance of O2 present in the 
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exhaust stream of this engine.  B50 performance was noted to be remarkably 

similar to Jet A for all metrics used.63 

Allouis et al. conducted an experiment with results published in 2010 

concerning ultrafine particulate emissions from liquid fueled gas turbines.  

Specifically, they compared ultrafine particle distributions of diesel, biodiesel, and 

kerosene utilizing a Capstone MicroTurbine model 330.  This is a commercially 

available power generating turbine with a 30 kW rating.  The team used an 

Electrical Mobility Spectrometer (EMS) and Scanning Mobility Particle Sizer 

(SMPS) to measure particle size distributions.  Sample extraction was completed 

using a multi-stage ejector pump; which pulled the sample gases from the exhaust 

stream, and cooled and diluted them as a result of pump operation.  Dilution helps 

the sample collector avoid fouling but adds complexity to results interpretation.  To 

overcome this issue, dilution ratio calibration was conducted using CO2.  

Additionally, laminar and turbulent flow calculations were conducted to establish 

the theoretical effect on particle diffusion to correct particle distribution to the 

correct values.  Fuels tested include kerosene (Jet-A1), diesel, and a biodiesel 

mixture made of 60% waste vegetable oil, 20% soya oil, and 20% animal fats.  

Biodiesel was only used in a B50 mixture with diesel for purposes of this 

experiment.  Two tests were conducted on each fuel; one at half-power (15 kW), 

and one at full power (26 kW).  During these experiments, the group found that the 
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diesel and B50 mixtures maintained a similar profile for all engine operating 

conditions, though particle concentrations did rise higher for B50 at full power 

testing.  During half power testing, diesel and B50 were found to produce higher 

concentrations of particles in two regions.  The first is at 2-3 nm, with the second at 

20 nm.  At full power, particle size distribution analysis indicated that particles 

produced during this combustion process fall in the <20 nm region, with 

distributions of particles larger than this matching ambient air distributions.  

Kerosene produced considerably different results.  Kerosene was found to produce 

a much smaller distribution of particle sizes in considerably larger concentrations.  

At full power, kerosene particle concentrations were found to be almost 100x 

higher than that of diesel or B50, though mostly limited to sizes less than 7 nm.60 

 Corporan et al. published results of a comparative test of biodiesel in a 

helicopter engine typically fueled by JP-8 in 2005.  The engine tested was an 

Allison T63-A-700 gas turbine located at the Engine Environment Research 

Facility in the Propulsion Directorate at Wright-Patterson Air Force Base.  This test 

focused on the concentration and size distribution of particulates within the turbine 

exhaust, as well as gaseous emission profiles within the exhaust stream.  Real-time 

monitoring of the particulate mass emissions was conducted using a tapered 

element oscillating microbalance.  JP-8 is almost identical to Jet-A, with the 

exception of some military-specific additives to enhance lubricity and anti-icing 
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qualities of the fuel.  Laboratory testing was conducted on the JP-8 and biodiesel 

mixtures used to determine its suitability for use as compared to the JP-8 

specifications and summarized.  As noted in this report, the introduction of 

biodiesel to the JP-8 mixture in any amount causes the fuel to fail specification 

tests for JP-8.  The authors of this report believe that further processing of the 

biodiesel could solve this problem to higher biodiesel concentrations.  It is 

important to note that no additives were included with the biodiesel, therefore 

adding the biodiesel has the immediate effect of diluting the JP-8 additive pack.  

Tests were conducted at ground idle, cruise, and takeoff power conditions to assess 

fuel performance across the operating envelope of the engine.  Tests immediately 

demonstrated a steady 4% penalty to fuel consumption using a B20 blend.  

Particulate emissions were observed to rise by as much as 20% at idle power 

setting using B20.  Some of this may be attributable to inaccurate mixing of the 

fuel, since an injection pump was used to attempt to proportion the fuel properly in 

real time.  Further tests conducted using premixed B20 demonstrated a lower 10% 

rise in particulate emissions.  Cruise and Takeoff engine power testing 

demonstrated a 15% drop in particulate emissions when B20 is used.  While 

encouraging, it should be noted that JP-8 makes heavy use of aromatic solvents 

which contribute greatly to its particle emissions.  Similar testing conducted using 

JP-8 with comparable dilution using non-aromatic solvents has yielded similar or 
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more promising results.  Biodiesel use appears to have little effect on particle size 

distribution in this experiment.  Particulate Mass appears to rise rapidly with 

biodiesel concentration, but these results seem highly anomalous, which is noted by 

the authors.  The increase in idle particulate emissions appears to be due to the 

presence of unburned hydrocarbons, indicating an incomplete burn.  CO and NOx 

emissions were unchanged from results obtained with pure JP-8.  Total 

Hydrocarbons increased at low power, as has already been discussed.  Sulphur 

Oxides decreased slightly with higher biodiesel concentrations, likely due to the 

dilution of Sulphur in the fuel.62 

 In 2003, French tested several batches of biodiesel made from unused and 

waste stocks sourced from John Brown University and prepared by university 

students and staff.  The scope of this project included producing the biodiesel, 

testing it to ensure it met specifications, testing the fuel in several diesel engines 

located on the campus, and finally running an SR-30 microturbine located on 

campus on the produced fuel.  Performance of fuel produced using waste canola oil 

and unused canola oil was tested and compared to Jet-A.  Prior to the experiment 

the SR-30 turbine had been operated only in accordance with the manufacturers 

guidelines and procedures.  The SR-30 in question was a completely factory unit 

with no prior modifications to the unit, including to the inlet or exhaust piping.  

Thrust measurement on this unit is derived directly from combustion pressure.  
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This method assumes some exact knowledge of the characteristics of the unit and 

cannot be readily calibrated.  Additionally, thrust measurements are available only 

in .5 lbf increments.  The biodiesel tests demonstrated an 8% decline in measured 

thrust as compared to Jet-A at any given rpm in the engine operating band.  It is 

important to note, however, that this decline falls within the level of uncertainty of 

measurement for this device, and is not conclusive.  No difference in engine 

ignition behavior were observed between Jet-A and biodiesel.  Exhaust gas 

temperatures were comparable for all three fuels.  A slight cloudiness of the 

exhaust gases was noted for waste canola oil derived biodiesel at low throttle 

settings, but this dissipated at higher throttle settings.  Finally, acceleration tests 

were conducted, but the fuel was exhausted before definite results could be 

obtained.  Preliminary findings show that engine acceleration from ~60 kRPMs to 

~84 kRPMs were roughly comparable using Jet-A and unused oil-derived 

biodiesel.  Similar testing with biodiesel produced from waste oil demonstrated a 

15% reduction in engine acceleration.67 

 In 2005, Dr. Lupandin and team published the results of their ongoing work 

modifying and testing a 2.5 MW land-based power generation gas turbine for 

Orenda Aerospace Corporation in Canada.  Considerable modification was done to 

the engine hot section to accommodate a variety of alternative fuels including Bio-

oil, Ethanol, Biodiesel, and bituminous Crude Oil.  The GT2500 gas turbine engine 
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used for this project was designed and built by Zorya-Mashproekt in the Ukraine 

and operated by Orenda Aerospace.  This team’s work primarily concerned the 

operation of the turbine on these alternative fuels while meeting required standards 

for emissions and reliability.  Most of the modifications to the turbine were 

necessary to successfully use Bio-oils and Crudes for fuel, however fuel acidity and 

combustor chamber wall temperatures were a concern for Biodiesel.  The engine 

was tested from idle to full power on a 3MW electrical load bank.  Performance 

was tested during load transients as high as 500KW.  Testing on Biodiesel revealed 

some fuel handling system filter plugging.  Further Biodiesel testing was conducted 

with the filters bypassed with no observed detrimental effects.  Relevant results are 

shown in Table 2.  Note that the normal fuel for this turbine is #2 Diesel oil, rather 

than Jet-A.64 

Table 2 - Results of Biodiesel Testing on OGT2500 Power Generation Turbine 

Parameter #2 Diesel Oil Biodiesel 

Gas Turbine Inlet Air Temperature (degC) -2.8 11 

Turbocompressor Rotor Speed (RPM) 13850 13850 

Turbine Exhaust Gas Temperature (degC) 403 467 

Fuel Flow (liter/hr) 1071 1200 

Peak Generator Electrical Power (KW) 2510 2550 
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A few things are of interest here.  First, exhaust gas temperature is 

considerably higher using Biodiesel than #2 Diesel.  Second, about 12% more 

Biodiesel was necessary to produce similar power to #2 Diesel at peak power loads.  

Lastly, the effect on emissions profile is curious.  While a significant reduction in 

Sulphur emissions is expected, the somewhat minor jump in CO emissions is 

unexpected.  Notably, testing did conclude that with the appropriate modifications 

the GT2500 turbine could operate on Biodiesel while meeting emissions 

regulations in Ontario, Canada.64 

 A summary of the experimental work that the author could find regard the 

use of biodiesel in gas turbines and its effects on engine performance and emissions 

characteristics is presented in Table 3. 

  

SO2 normalized emission (ppm) 7 1.4 

NOx normalized emission (ppm) 321 321 

CO normalized emission (ppm) 1 4.1 
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Table 3 - Summary of Previous Experiments Studying Gaseous Emissions of Gas Turbines 

Operated on Biodiesel 

Test Engine 

Type 

Engine 

Power 

Rating 

Emissions 

Results 

Engine 

Performance 

Test Fuel Control 

Fuel 

Comments 

Lupandin et 

al. 

GT2500 

Power 

Generating 

Gas Turbine 

2500KW Significant 

rise in CO 

emission, 

significant 

reduction in 

SO2 emission. 

Exhaust Gas 

Temperature and 

Fuel 

Consumption 

considerably 

higher than 

control, 

otherwise 

normal. 

Biodiesel Diesel Significant 

changes to 

engine 

required due to 

experiment 

design.  

Biodiesel 

plugged fuel 

filtration 

system.  

Engine meets 

emission 

requirements 

despite 

changes. 

French SR-30 Mini 

Turbojet Lab 

30KW Cloudiness 

observed in 

exhaust 

stream at low 

engine power.  

Cleared at 

high engine 

power. 

~8% reduction in 

thrust noted – not 

conclusive due to 

method and 

resolution of 

thrust 

measurement.  

Engine 

acceleration 

comparable. 

University-

produced 

biodiesel 

Jet-A Engine 

unchanged for 

the 

experiment.  

Fuel produced 

locally 

(adherence to 

ASTM spec 

unknown). 

Corporan et 

al. 

Allison T63-

A-700 

~230KW 10-20% 

higher 

particulate 

4% increase in 

fuel consumption 

noted. 

Up to 20% 

Biodiesel mixed 

with JP-8 (B20) 

JP-8 Idle particulate 

emissions 

likely due to 
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Helicopter 

Engine 

emissions 

observed at 

idle.  15% 

lower 

particulate 

emissions 

observed at 

high power.  

CO and NOx 

unchanged.  

Sox lowered. 

incomplete 

fuel burn at 

low power.  

High power 

particulate 

emissions 

change likely 

due to dilution 

of JP-8 

aromatics.  

Change in fuel 

consumption 

could be due to 

inaccuracy in 

the mixing 

pump. 

Allouis et 

al. 

Capstone 

MicroTurbine 

model 330 

30KW Larger 

particle size 

distribution, 

but lower 

particulate 

mass 

observed 

using diesel 

and biodiesel. 

No engine 

performance 

changes 

observed. 

50% Biodiesel 

mixture (60% 

waste vegetable 

oil, 20% soya 

oil, 20% animal 

fats) with diesel 

Diesel, 

Kerosene 

Biodiesel 

performance 

noted to be 

nearly 

identical to 

diesel. 

Habib et al. 30KW Micro 

Gas Turbine 

30KW Higher 

biodiesel 

concentrations 

produced 

higher CO2 

emissions for 

all engine 

conditions, 

TSFC higher at 

high power, 

lower at low 

power than 

control, 

indicating a more 

complete burn at 

low power.  

Thermal 

Canola, Soy, 

and Rapeseed 

biodiesel in 

B100 and B50 

mixture with 

Jet-A 

Jet-A Results 

remarkably 

similar to 

control for B50 

mixture. 
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Literature Review Conclusions 

 Experimental work concerning biofuels use in gas turbines is limited largely 

to micro-turbines (typically power generating turbines rated to 30KW or smaller), 

with few exceptions.  The tests conducted utilizing micro-turbines have generally 

but lower CO 

and NOx. 

efficiency higher 

for all conditions 

with biodiesel. 

Chiaramonti 

et al. 

Garrett GTP 

30-67 

20KW Considerably 

higher CO 

emissions 

noted.  Other 

parameters 

similar to 

control. 

No engine 

performance 

changes 

observed. 

Biodiesel/Diesel 

mixture 

Diesel Engine 

operation 

indicated low 

combustion 

temperatures.  

Engine health 

and subsequent 

effect on gas 

emissions 

profile 

unknown. 

Nascimento 

et al. 

30KW Micro 

Gas Turbine 

30KW Increased CO 

and lower 

NOx 

concentrations 

found.  SOx 

not present in 

biodiesel 

exhaust 

stream.  No 

unburned 

hydrocarbons 

present. 

No engine 

performance 

changes 

observed. 

Biodiesel B100 

and B50 

mixture with 

Diesel 

Diesel Lack of 

unburned 

hydrocarbons 

indicates 

complete 

combustion 

with biodiesel. 
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concerned testing engine operating characteristics such as efficiency, thrust, and 

fuel consumption and fuel combustion qualities such as exhaust gas composition 

while utilizing varying mixtures of biodiesel with a control fuel; typically, Jet-A or 

diesel fuel.  While not all of these experiments agree on exactly to what degree 

engine operation is affected, they do illuminate some trends.  Firstly, exhaust gas 

composition and particulate emission from a biodiesel-fueled turbine and one 

fueled with Jet-A are comparable.  This is encouraging, since it indicates that 

turbines run on biodiesel can significantly reduce carbon emissions without 

detrimental effects on other exhaust gases of concern.  Secondly, fuel consumption 

for biodiesel fired turbines tends to be slightly higher than traditional fuels due to 

the reduced heating value of the fuel.  Lastly, engine operating characteristics 

remain largely unchanged.  Temperatures, pressures, and power production do not 

appear to be negatively affected by biodiesel usage.  These results are promising, 

however, biodiesel testing using full-size gas turbines is sparse enough that 

drawing similar conclusions from these tests is not feasible.  As such, I conducted 

an experiment utilizing a General Electric J-85 gas turbine operated on a 

Biodiesel/Jet-A blend at varying power levels and concentrations up to 100% 

Biodiesel.  This experiment was focused on capturing the effect of biodiesel on the 

exhaust gas composition of the turbine. 
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Chapter 3 

Experiment Design 

Experiment Hardware 

Introduction 

 

Following a thorough review of the available published data concerning the 

operation of gas turbines on biodiesel, it was apparent that more data would be 

valuable in determining combustion performance in an unmodified gas turbine.  

Since almost all the experiments conducted on this topic utilized microturbines, it 

would be particularly interesting to examine this problem using a full-size axial 

flow gas turbine engine.  Due to this lack of experimental information available to 

the public, some effort has been made to attempt to study this problem further. 

Thanks largely to a close relationship with a jet-car racing team, students at 

FL Tech can have incredible access to operational General Electric J85 turbojet 

engines.  To conduct a controlled experiment utilizing one of these engines a jet 

engine test stand was required.  Thanks to the abundant generosity and resources 

provided by Larsen Motorsports, a team of interns had the ability to design and 

build a jet engine test platform.  This platform was constructed at Larsen 

Motorsports facilities in nearby Palm Bay, Fl. 
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To meet operational requirements, the test stand needed to be easily 

transported, closely mimic the related systems of a turbine powered dragster, 

reliably operate without heavy maintenance cycles or costs, and accept a variety of 

potential axial flow engines.  To reduce costs, the test cell was designed to utilize 

scrap steel for its core structure and used standard components that would be 

regularly available.  The test cell was built as a street legal trailer with all 

appropriate lighting, suspension, and tow vehicle attachment requirements. 

Structure 

 

The chassis was constructed from 4-inch square mild steel tubing with 3/16-

inch walls.  A 7,000-pound trailer axle and suspension system was used to support 

the weight and enable mobility of the test cell.  The design of the chassis allows 

easy access to all components mounted to the chassis or the engine to ensure that 

the entire system is easily serviceable.  Integrated into the chassis is an engine 

support structure comprised of 4-inch square mild steel tubing uprights with ¼ inch 

walls and stitch welded ¼ inch steel flat stock attachments to reinforce the uprights 

and maintain four planes of shear for each upright.  The uprights are tied together 

by a 3-inch square mild steel tubing crossbeam.  They are supported by one 4-inch 

square mild steel tubing segment on each side set diagonally to the upright in 

tension, and one 4-inch square mild steel tubing segment attached diagonally to the 
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3-inch crossbeam to the front of the cell in compression.  The uprights and 

crossbeam are sized appropriately to fit a General Electric J85 afterburning 

turbojet, General Electric CF700 non-afterburning turbofan, or a Pratt & Whitney 

J60 afterburning turbojet.  The thrust support structure is designed to accommodate 

a maximum of 6,000 pounds of thrust with a safety factor of 3.  Tie down points are 

provided at key locations across the chassis and engine support structures to ensure 

proper support and holding capacity.  Figure 2 shows the test cell structure at its 

completion, shortly after painting. 

Figure 2 - Test Cell Structure (June 20, 2017) 
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There are four engine supports in total on the test cell.  The two primary 

supports cap the two main engine support uprights discussed earlier.  Each mount 

utilizes rubber weight-bearing supports and polyurethane thrust-bearing supports 

attached by grade 8 hardware with stress oriented in shear or compression.  The 

primary supports are made of 3-inch square mild steel tubing with ¼ inch walls 

with stitch and rosette welded ¼ inch flat stock attachments to ensure 4 planes of 

shear in the thrust direction.  Each primary support is attached to the standard 

engine mounts by grade 8 hardware.  Additionally, each primary mount has two 

adjustable tie rods to set engine orientation and assist distribution of thrust load.  

The engine support systems are fully gusseted utilizing 3/8-inch gusset plates.  

Additionally, there is an adjustable secondary engine supports located under the 

front engine flange and another adjustable support under the afterburner tube to set 

and maintain engine attitude. 

Fuel System 

 

Engine fuel is provided by an independently source selectable system built 

around a pair of 120 gallon aluminum fuel tanks sourced from a class 8 truck.  

Source selection is accomplished by a set of four 1 ¼ inch stainless steel butterfly 

valves.  The turbine fuel controller is provided by a 1 inch steel braided line, and 

the afterburner fuel pump is provided by a 1 ¼ inch steel braided line.  The fuel 
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supply system is constructed from material that are resistant to interactions with 

biofuels.  Total fuel storage capacity is 240 gallons.  To ensure positive suction 

head on the turbine and afterburner fuel pumps, the fuel tanks are pressurized to 20 

psi during engine operation.  Starting fuel tank pressure is provided by an 

electrically driven auxiliary air compressor.  To maintain pressure during engine 

operation, a line is attached to a pressure port on the engine compressor.  Air 

portion of engine air is passed through a high-volume pressure regulator and 

Figure 3 - Primary Fuel Flow Lines (February 27, 2018) 
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diverted through a check valve to the fuel tanks.  Pressurization of both lines is 

accomplished by a common hose, with a port dedicated to indicating tank pressure.  

Additionally, each tank has an independent pressure switch installed which 

provides an illuminated indication when tank pressure is suitable for engine 

operation.  Tank level is indicated individually by site glass measurement.  A 

normally open solenoid operated valve serves as a tank vent isolator.  When the test 

cell is not energized, the fuel tanks are automatically vented to atmosphere.  A test 

Figure 4 - Fuel Tank Attachments and Isolations (February 27, 2018) 
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cell safety valve is integrated into the fuel system.  This is another normally open 

solenoid operated valve the recirculates the engine fuel controller discharge to its 

inlet when electrical power is not applied.  The combination of these two valves 

ensures that the test cell cannot operate without electrical power being applied to 

these valves.  Some images of the fuel system in various states of assembly are 

presented here in Figure 3, Figure 4, and Figure 5. 

Figure 5 - Fuel Tanks Installed for Mock Up (March 3, 2017) 
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Electrical Systems 

 

There are four separate electrical systems on the test cell.  The simplest of 

these is the 12-volt trailer lighting system that consists of a 7-wire interface plug to 

receive signals and power from the tow vehicle; the electrical brake system on the 

trailer axle; and various marker, signal, and brake lights on the test cell chassis.  

This system ensures that the test cell adequately displays all the lighting required to 

legally and safely operate as a registered trailer in the state of Florida. 

The second of these systems is the 36-volt engine start system.  This system 

includes the test cell battery pack, engine start wiring harness, engine starter motor, 

engine ignition controller, engine ignition plugs, and engine start momentary 

switch.  The test cell battery pack is made of a set of three 1150 cold cranking amp 

absorbent glass mat 12-volt batteries connected in series to produce a 36-volt 

power source.  Another set of batteries is connected in parallel to these to provide a 

higher capacity for repeated starts.  An engine starting solenoid controls circuit 

closure for engine starting, and a battery charging switch bypasses this solenoid to 

enable battery charging.  For engine start, the battery charging switch is placed in 

the “start/run” position. Then, the engine start wiring harness is attached to the test 

cell battery pack, engine starter motor, and engine ignition controller.  The engine 

start momentary switch is connected to the test cell battery pack.  With these 
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conditions met, the engine start momentary switch is held, providing electrical 

power to the engine starter motor, until the engine reaches ignition conditions.  This 

system can be seen here in Figure 6. 

The next electrical system to discuss is a 12-volt test cell indication and 

control system.  This system is the central control system for the test cell and 

provides for operation of all the primary systems of the cell from a single control 

station.  The principal components of this system include the main power bus, main 

Figure 6 - Starting Battery Pack (February 27, 2018) 
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ground bus, energizing relay, safety system relay, control panel switches and 

indicators, dead man switch assembly, and main wiring harness.  All power is 

routed through the main power and ground buses, which are centrally located on 

the control panel for ease of inspection and service.  Electrical power is drawn from 

the last pair of starting batteries and controlled by the energizing relay.  For the 

energizing relay to close, the main power switch on the control panel must be in the 

“On” position, the dead man switch assembly must be plugged into the dead man 

port on the test cell, and the dead man switch must be in the on direction.  This 

allows the relay to close and energize the main power bus, which closes the safety 

valve and fuel tank vent valve.  With these two valves closed, the fuel tanks can be 
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pressurized, and the fuel controller can pressurize the turbine fuel manifold.  The 

buses and main power relays are visible in Figure 7. 

Finally, there is a 110-volt AC distribution block that allows the operation 

of the auxiliary air compressor and any additional AC devices required for testing.  

For this experiment, this bus powered the auxiliary compressor, the data collection 

computer, the emissions gas analyzer, the starting battery pack charger, and a fan. 

Figure 7 - Test Cell Control Panel (February 27, 2018) 
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Fire Safety 

 

To mitigate the threat of fire, a centralized halon fire suppression system is 

installed.  This system features a halon fire suppressor storage bottle, emergency 

fire suppression system actuator, halon distribution manifold, and distribution tubes 

and nozzles; some of which can be seen in Figure 8.  The storage bottle, manifold, 

and tubing are all constructed from steel to limit the effect of a fire on the operation 

of the system.  When actuated, the system will passively distribute halon to the 

engine and fuel storage areas of the test cell.  Additionally, two man-portable 

Figure 8 - Halon Fire Suppression System Bottle and Manifold (July 19, 2017) 



48 

 

aqueous film forming foam fire extinguishers are stored on the test cell to fight 

liquid fuel fires, and two man-portable CO2 fire extinguishers are to be present 

during operation for initial firefighting efforts if necessary. 

Control Panel 

 

Primary indications and controls are housed on the test stand control panel.  

This control panel is located above the right fender of the test cell and includes 

controls for test cell power, auxiliary compressor power, tank pressurization, 

engine throttle, and emergency fire suppression system.  Indicators are available for 

engine speed, exhaust gas temperature, and fuel tank common rail pressure.  A 

Figure 9 - Test Cell Control Panel (November 8, 2018) 
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warning light indicates insufficient engine oil pressure, and a pair of lights indicate 

adequate individual fuel tank pressures.  Portions of the electrical systems are 

housed here as discussed in previous sections.  Most of these components are 

visible in Figure 9. 

Test Article 

 

 As mentioned previously, the engine selected for this test is a General 

Electric J85 single-shaft axial-flow turbojet engine.  A cutaway of this engine is 

shown in Figure 10.  While turbojet engines are being used less frequently due to 

fuel economy concerns today, the J85 is a good representative engine that includes 

much of the technology still in use in today’s engines.  It features an 8-stage axial 

compressor with a compressor ratio of 8.3.  There are two exhaust turbine stages.  

The combustor is an annular “mini-can”-type combustor that closely mimics a fully 

annular combustor design.  Due to the custom nature of their application, the J85s 

at Larsen Motorsports are not configured in one of the standard J85 configurations.  

Some major changes are made to the lubrication and control systems on the turbine.  

Additionally, these engines are fitted with a custom afterburner that is designed and 

built in-house at Larsen Motorsports.  In their custom trim, jet dragster J85s are 

able to produce about 2,950 lbf of thrust at sea level without the use of the 
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afterburner.  With the afterburner, about 5,000 lbf of thrust is produced under 

otherwise identical conditions. 

 

Figure 10 - GE J85 Cutaway Engine on Display at Larsen Montorsports 

Exhaust Gas Sampling 

 

 Measurement of exhaust gas speciation was performed during this 

experiment using a Testo 350 Gas Analyzer.  The Testo 350 is suitable for 

industrial tuning and flue gas compliance testing purposes and can be configured 

specifically for gas turbine sampling.  This unit was rented from Highmark 

Analytics and configured to measure oxygen, carbon monoxide, carbon dioxide, 

nitric oxide, and nitrogen dioxide.  The ranges and resolutions for these sensors are 
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contained in the table below.  The sample probe was a simple J-hook clamped into 

the exhaust stream at the afterburner exit.  The Testo 350 was secured on the test 

cell control panel.  To ensure adequate sampling frequency and allow for live data 

feedback the Testo 350 was slaved to an AW17R5 laptop running the Testo 

easyEmission software v2.7 using the provided USB cable.  This allowed a sample 

rate of 1 sample per second.  With live data, the operators could ensure sample 

stability and reasonableness at the sample times.  To maintain a steady response 

time and sample volume, the Testo 350 also features an integrated sample pump. 

Experiment Fuel 

 The biodiesel for this experiment was obtained from a local petroleum 

distributor, Glover Oil.  Upon request, Glover provided a specification sheet 

demonstrating that the biodiesel obtained for the experiment did meet the 

requirements of ASTM D6751.  Technically, the biodiesel obtained is only a 99% 

concentration.  This is due to the handling of the fuel.  Biodiesel is often distributed 

using infrastructure that was already in use prior to the introduction of biodiesel to 

the system.  As such, unless these systems are thoroughly cleaned and certified, the 

purity of the biodiesel cannot be guaranteed.  This is not typically an issue since 

biodiesel is most commonly used as a blend stock with diesel and the exact 

concentration is less important, provided that the biodiesel does not exceed a 

concentration limit.  The system used by Glover Oil has been handling biodiesel 



52 

 

exclusively for several years, so it is relatively safe to say that the biodiesel used 

for the experiment is effectively pure biodiesel.  This statement cannot, however, 

be made absolutely. 

 Two batches of biodiesel were obtained for this experiment to supply fuel 

for two days of testing.  While this was not the intention, it should be noted that the 

composition of the batches obtained was different.  Unfortunately, there is no way 

currently available to determine the exact composition of the two batches of 

biodiesel. 

Experiment Goals and Procedure 

Goals 

 The literature review for this project revealed only one study where total 

carbon emission from a gas turbine operated on biodiesel or biodiesel blends had 

been observed, and this gas turbine was a 30KW micro-turbine.  As such, it seemed 

evident that observing total carbon emissions on an aviation gas turbine using 

biodiesel blends would have obvious scientific value.  Additionally, while 

modeling presents a reasonable expectation of what exhaust gas speciation changes 

should occur when operating with biodiesel blends, there has been no visible effort 

to validate these models experimentally across a range of blends.  This experiment 

sought to rectify these deficiencies. 



53 

 

 The first goal was to measure carbon monoxide, carbon dioxide, nitric 

oxide, and nitrogen dioxide emissions from the turbine across a range of Jet-

A/biodiesel blends and compare this data to model results.  Secondly, the 

experiment needed to be designed to monitor engine performance within the 

capabilities of available instrumentation in order to determine the safety and 

feasibility of operating a J85 powered dragster on commercially available biodiesel 

blends. 

Experiment Procedure 

 For the experiment, a few key events needed to occur to ensure that the data 

obtained is suitable.  The primary concern was that the fuel that was being 

consumed by the engine was substantially the correct blend of biodiesel and Jet-A 

for the duration of the sample.  Engine operating conditions, particularly desired 

shaft speed and ambient atmospheric conditions, needed to be as similar as possible 

during the sample across all the blends tested.  Certain metrics had to be met during 

each blend test run such that the fuel tanks could be properly mixed for the next 

fuel blend and overall consumption of fuel was minimized.  The experiment could 

not unduly stress the test cell or endanger the operators.  Finally, the rapid cycling 

of the test cell required to test a variety of fuel blends meant that certain concerns 

regarding test cell and engine hardware needed to be addressed. 
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 In addition to these requirements, several adaptations to normal engine 

operation were made.  First, and perhaps most evident, was that the engine bleed 

doors were locked open.  This was done to prevent the occurrence of an abrupt 

thrust transient during the test, and to lower overall thrust produced.  Also, the 

afterburner fuel pump was removed, and the afterburner fuel system plugged for 

the test.  Since the afterburner fuel pump is a positive displacement pump, it would 

require fuel recirculation for extended periods of time.  There was some concern 

that this could lead to abnormal wear or damage to the afterburner fuel system.  

Finally, the engine fuel controller was set to an operating condition prior to the first 

control run, and then safety wired to prevent changes to fuel controller settings.  

This was done so that experiment results would not be affected by a change in 

engine fuel controller condition. 

 Test run duties were divided among five operators.  The first of these, the 

engine operator, operated the test cell in accordance with established procedures to 

meet test conditions.  Their responsibilities included, but were not limited to: 

1) Operation of the engine throttle to achieve test conditions. 

2) Operation of the engine start switch. 

3) Operation of the fuel tank pressurization system. 

4) Overall responsibility for the safety of personnel near the test cell. 

5) Overall responsibility for the proper operation of the test cell. 
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6) Observation of engine performance to note for test purposes. 

The engine start system operator operated the engine start subsystems.  

Their responsibilities included, but were not limited to: 

1) Proper connection of engine start batteries and starting subsystems to 

ensure preparation for engine start. 

2) Switching and actively cooling of engine starters between runs to ensure 

operation within acceptable limits for each starter. 

3) Charging of engine start batteries to ensure initial start conditions can be 

met rapidly post-run. 

4) Ensure the safe operating conditions for areas that the engine operator 

cannot directly observe on the side of the test cell opposite of the control 

panel. 

The engine safety switch operator was responsible for ensuring that the 

engine could be disabled in the event that the engine operator and start system 

operator were no longer capable of ensuring safe engine operation. 

The experiment operator was present to manage experiment data collection 

and ensure experiment integrity.  Their responsibilities included, but were not 

limited to: 

1) Operate the gas analyzer and data collection computer in accordance 

with experiment procedure. 
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2) Direct engine operator to appropriate engine conditions for test. 

3) Verify engine conditions to ensure sample validity. 

4) Provide backup to the engine operator to ensure safe and proper 

operation of the test cell. 

5) Direct engine shutdown at proper test termination metrics. 

6) Ensure proper blending of test fuels. 

7) Ensure proper collection of all test data in accordance with experiment 

procedure. 

Lastly, the auxiliary experiment operator was present to record any analog 

experiment data at the direction of the experiment operator.  They recorded engine 

exhaust gas temperature, engine speed at sample times, and observed engine 

performance characteristics. 

Engine start procedure for a jet dragster is already well established.  The test 

cell was designed to closely mimic the systems of a dragster but, due to certain 

requirements on test cell performance, the systems are not identical.  These 

differences required a rethink of the engine start procedure to ensure equipment and 

personnel safety, particularly during the first few starts of the cell. 

 The following short list of initial conditions was developed to assist with 

meeting experiment goals: 
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1) Starting batteries must indicate >60% charged to ensure consistent 

starting behavior. 

2) The fuel blend tank must be blended to the appropriate mixture for the 

run being conducted as calculated by the fuel concentration spreadsheet. 

3) The gas analyzer and data collection computer must be powered and 

connected, with the easyEmission software ready for sampling. 

4) The test cell tie-down system must be appropriately secured. 

5) The engine starter must not be hot to the touch. 

6) The fuel tanks must be pressurized to >10 psi. 

7) The four key test cell operators must indicate that they are ready for 

engine operation. 

Once these start conditions were reached, the start procedure could begin.  

The engine start system operator would pass the engine start switch to the engine 

operator.  The engine operator would move the engine throttle out of the cutoff 

position and into idle.  Then, the engine operator would engage the engine start 

switch.  This energizes the engine starter and spins the engine to achieve 

combustion conditions.  The engine operator observed engine start behavior, 

mindful for unusual noises, delayed engine start, or abnormal exhaust appearance.  

Once light-off occurred (denoted by a signature smoke pulse from the exhaust and 

an abrupt change in engine tone), exhaust gas temperature was observed to ensure it 
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was within safety limits.  Engine speed was observed, ensuring that it was climbing 

to idle condition and its relative rate was noted.  At this point, the engine operator 

would release the engine start switch, and the engine was powered purely by 

combustion. 

At this stage, several events happened concurrently.  Satisfied that engine 

combustion had commenced, the experiment operator would start the gas analyzer 

and begin the sampling process.  It was important to wait until after engine ignition 

to start the sample, since the initial combustion event may rapidly foul the gas 

analyzer sensors.  The engine start system operator would disengage and remove 

the engine starter from the engine and place it in front of a fan to cool.  Once the 

engine starter was removed, he would then begin charging the engine start batteries.  

The engine operator would bring the engine to idle condition and indicate to the 

experiment operator that this had been achieved. 

The experiment operator started a clock once all of these tasks were 

completed.  The engine would be idled for 30 seconds to allow engine and sample 

stabilization.  During the first start of the day the engine was idled for an additional 

30 seconds to allow for engine warm up.  Once the 30 second wait was complete, 

the experiment operator would indicate for the first set of test run data points to be 

collected.  The auxiliary experiment operator recorded exhaust gas temperature and 

engine speed at this time.  The experiment operator ensured that the analyzer 
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appeared to be operating normally and that the sample data had reasonably 

stabilized, then marked gas analyzer sample time on a record sheet.  When this 

process was verified to be complete by the experiment operator, he would indicate 

to the engine operator to proceed to the next engine condition for the next sample.  

The engine operator would achieve the next sample condition and signal the 

experiment operator, who would verify engine sample conditions and start the 

sample process again.  Once all samples were obtained for a given run, the 

experiment operator would direct the engine operator to idle the engine and begin 

observing fuel tank level.  At the appropriate fuel level, the experiment operator 

would direct the engine operator to shut down the test cell. 

At this point, the fuel tank would be depressurized and filled with Jet-A to 

the appropriate level to attain the next test fuel blend.  During this shutdown period, 

the auxiliary experiment operator would record the engine operators’ observances 

concerning engine operation on the blend and the experiment operator would verify 

that all relevant sample data had been recorded.  Once these evolutions were 

complete, the test cell would be readied for start and the procedure would begin 

again. 
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Chapter 4 

Data Analysis 

Sample Data Handling 

 Once the sample data was obtained, it was exported to spreadsheets to be 

examined.  In an effort to smooth out any errant data points, each sample was 

conducted for ten seconds.  That ten seconds of data for each condition was 

extracted from the gas analyzer log and observed for trends using linear trendline 

functions.  Remember that the sample rate was one per second, so for each sample 

there were ten sample data points.  Any sample that demonstrated a trendline 

dissimilar to other samples of a similar condition was removed.  For example, NOx 

concentration as the engine stabilizes at full power following a lower power 

condition should rise rapidly, then level off at some higher value.  If a sample at 

this condition demonstrated a lowering trend, that could indicate a variation in the 

fuel blend, abnormal combustion event, or other unusual engine occurrences.  If 

this was observed, the sample was discarded.  Two samples were discarded; a 

single control run at idle, and the entire set of data from the B100 run on batch 1.  

In both cases, it is believed that the old fuel blend had not completely been purged 

from the fuel system, and the sample was taken as the fuel blend was changing at 

the fuel controller. 
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 As a result of the sampling technique, each engine condition and fuel blend 

had multiple data points to compare.  For example, four engine control runs were 

conducted over two days with nearly identical weather conditions.  As a result, 

there are 40 valid data points that were collected while the engine was running 

100% Jet-A at full power.  To further smooth the data following the removal of 

errant samples, the average values for all data points for an engine condition and 

fuel blend were used to generate values representative of the sample data. 

 Because gas turbines utilize mixing air to reduce exhaust turbine 

temperature, exhaust gas concentrations can vary significantly with no change in 

combustor performance.  It is important to standardize any exhaust gas data from a 

gas turbine to a set mixing ratio.  This corrects for mixing air diluting the exhaust 

gas mixture.  For purposes of this study, exhaust gas measurements have been 

corrected to the average value of all oxygen measurements performed during 

sample times for a given engine condition.  For idle, this was 16.49%.  For 

modified full power, it is 17.08%.  The formula for this correction is given as 

equation (3). 

𝑋𝑎 = 𝑋𝑚(
20.9−𝜑𝑡

20.9−𝜑𝑚
)   (3) 

 Where 𝑋𝑎 is corrected exhaust gas concentrations, 𝑋𝑚 is measured exhaust 

gas concentrations, 𝜑𝑡 is target oxygen mixture, and 𝜑𝑚 is measured exhaust gas 

oxygen. 
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Concentration Plots 

 To examine this data more intuitively, the data set resulting from the 

previously described process was used to generate the plots that will be discussed 

in detail in the results section.  The vertical axis of each plot represents the 

concentration of the exhaust gas being represented, while the horizontal axis 

represents an increasing concentration of biodiesel in the fuel.  The plots have been 

generated for each exhaust gas measured and for each condition successfully 

measured.  Each plot shows data points from both batches of fuel, as long as they 

are available.  Error bars were then added representing the instrument accuracies 

for the gas analyzer.  Linear trendlines for each data set are included to assist with 

data comparison, and results from the previously discussed chemical equilibrium 

modeling were then scaled against the experiment results and plotted on the same 

graphs as a black line so that a direct comparison can be made visually.  With these 

tools, we can quickly evaluate where our results deviate from the expectations and 

begin to explore why. 
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Chapter 5 

Results 

Gaseous Emissions 

Idle 

 For the purposes of this experiment, idle is determined by placing the 

engine throttle into the idle position.  Engine idle was set prior to the beginning of 

the experiment so that at idle engine speed would be 49% of rated speed when 

operated on Jet-A.  It is important to note that the fuel controller is attempting to 

control engine speed by changing fuel manifold pressure (and therefore changing 

fuel mass flow rate) in response to three major inputs.  The first is the engine 

throttle position.  The second is engine compressor discharge pressure.  The last is 

engine speed.  The fuel controller does have a fuel specific gravity adjustment and 

is designed to account for fuel characteristics during this process; but does not have 

any information about fuel characteristics other than this input.  This means that the 

fuel controller lacks an ability to dynamically adapt to new fuel types.  Remember 

that the experiment was designed such that fuel controller settings would not be 

changed once testing had started. 
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Carbon Emissions 

 The carbon monoxide emissions plot as shown in Figure 11 demonstrates 

that concentration changes about as expected based on the CEA modeling done 

prior to the experiment when the engine is at the idle condition.  Accuracies for the 

gas analyzer for measurements of these values are visible as error bars.  There are 

some discrepancies between the two batches of fuels, most notably during the B60 

samples, but CO concentrations in the exhaust behave largely as expected. 

 

Carbon dioxide is a little different.  The accuracy at this measurement range 

is +- 1%, so the deviations that are seen in Figure 12 are certainly worthy of being 

noted.  As we can see, carbon dioxide measurements are erroneously high, as 

compared to the equilibrium model, for much of the concentration range for 
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biodiesel at engine idle.  CO2 does begin to return to expected values between 40% 

and 60%, and at very high biodiesel concentrations (>80%) CO2 behaves roughly 

as predicted.  It can be noted here that gross CO2 emissions are reduced by about 

2,300 ppm or nearly 7% under these conditions, despite the unusual deviation in 

middle concentrations.  Additionally, CO2 concentrations only rise with biodiesel 

concentration at one point, from B10 to B20, and only by 5 ppm.  This is well 

inside the instrument accuracy for these samples.  Otherwise, despite its deviation 

from model expectations, CO2 always decreases with higher biodiesel fuel blends. 

 

 Finally, if we assume that substantially all the carbon emitted from the 

engine in gaseous form exits as CO and CO2, then we can evaluate total carbon 

emissions from the engine.  Since CO2 concentrations are so much higher than CO, 

and the changes in CO2 concentrations are likewise very large compared to the 
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changes in CO, it becomes quickly evident that CO2 controls the total carbon 

profile of the engine.  In Figure 13, we can see that total gross carbon emissions 

from the engine only rise as biodiesel is added to the fuel mixture at one sample 

point.  While it was expected that CO emissions would rise, the fall in gross CO2 

should have driven total gross carbon emissions lower continuously, which is 

almost exactly what happened.  At 100% biodiesel, a drop of 1,999 ppm or about 

6% is observed.

 

 This reduction in carbon emissions by itself is substantial, but there are a 

few other factors that must be considered to determine the true benefit or detriment 

of biodiesel use as a fuel for these engines.  We’ll review the next of these factors 

to evaluate the impacts of biodiesel use now.  
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Oxides of Nitrogen 

 Both nitric oxide and nitrogen dioxide were monitored and recorded during 

this experiment.  With the engine at idle, nearly all the NOx produced was nitric 

oxide.  Because of this, only one plot is really needed to discuss NOx emissions for 

this condition.  Figure 14 shows the concentration of NOx vs the biodiesel in the 

fuel.  NOx concentrations trend in the same direction as the model predicts.  While 

there are deviations in the measured NOx data from model projections, a quick 

look to the instrument specifications reveals that these deviations are well within 

the +- 5ppm accuracy of the instrument for both NO and NO2.  This is especially 

true since the plot shown here is NOx, or NO and NO2 combined.  The largest 

aberration occurs at 100% biodiesel, where the model predicts 4.5 ppm NOx and 

the analyzer measured 5.6 ppm NOx.  Plots for NO and NO2 are included for 

reference in Appendix C.  
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Modified Full Power (MFP) 

 Modified full power, for the purposes of this experiment, means that the 

engine throttle is advanced fully until it is engaged with the throttle stop, and the 

compressor bleed doors are locked open.  As discussed before, the bleed doors 

were locked open to assist with the safe operation of the test cell.  At this throttle 

position, engine speed is held constant by the combined interaction of the engine 

fuel controller and the engine speed governor.  As such, the engine fuel controller 

will supply as much fuel as required to increase engine speed until the governor 
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begins to retard engine fuel manifold pressure.  For this experiment, engine speed 

at full throttle was set to 98% of rated engine speed when operated on Jet-A. 

Carbon Emissions 

 Like our results at engine idle, we start by discussing the CO plot displayed 

in Figure 15.  Again, the CO plot is similar to the model predictions, but it does 

demonstrate more aberrant behavior than the CO plot at idle.  This will become a 

theme for modified full power measurements.  As we can see, CO emissions 

behave differently between batch 1 and 2.  Batch 1 behaved very much like Jet-A 

throughout the blends, though data at B100 has been discarded.  This batch 

demonstrated CO emissions considerably below model predictions for most of the 

samples.  Batch 2 has an initial dip but rises much more than predicted by the 

model.  Strangely, above 80% we see CO concentrations break with the trend that 

has been set below this and nearly return to the control results.  While CO 

concentrations with Jet-A read about 197 ppm and about 212 ppm on pure 

biodiesel, they peak at 291 ppm on 80% biodiesel and bottom at 164 ppm on 20% 

biodiesel.  The accuracy of the instrument in this range is +- 5% of the reading, so 

these aberrations are well outside of the analyzer’s specifications.  Obviously, they 
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cannot be easily explained by instrument error. 

 

 CO2, like at engine idle, deviates substantially from the equilibrium model.  

This is shown in Figure 16.  Unlike at engine idle, however, it never returns to its 

expected value as biodiesel fuel concentration rises.  Instead, CO2 emissions 

remain higher than Jet-A until 80% biodiesel is used.  Gross CO2 concentrations 

peak at 31,799 ppm on 40% biodiesel but remain above 31,603 ppm from 20% to 

60% biodiesel.  An 859 ppm drop (3%) occurs between 80% and 100% biodiesel.  

Overall, a drop of 1,099 ppm or 4% is seen from Jet-A to pure biodiesel.  Again, 

there appears to be some mechanism at work here that disrupts the predictions of 
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the model.  In this case, the only correlation that we see between the model and the 

measurements is that CO2 is lower at 100% biodiesel than with Jet-A. 

 

 Again, gross total carbon emissions are driven by CO2.  This time, 

however, Figure 17 demonstrates that the impact of CO is very subtle.  CO offsets 

some of the overall CO2 reduction seen at 100% biodiesel, resulting in a total 

reduction of 1084 ppm or 4%.  Total carbon peaks at 31,998 ppm on 40% biodiesel 

again and the drop between 80% and 100% steps up to 939 ppm or 3%. 
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Oxides of Nitrogen 

 The plot for total NOx is displayed in Figure 18.  In addition, Figure 19 and 

Figure 20 show the NO and NO2 measurements for this engine condition.  This is 

necessary because NO2 becomes a much more prominent factor at full power.  In 

fact, NO production is remarkably similar to engine idle, with NO2 acting as the 

primary motivation for raised NOx emissions at full power.  Interestingly, NO2 

production seems negatively affected by higher biodiesel concentrations in the fuel.  

As a result, NOx remains much more constant than expected, remaining under the 

prediction of CEA.  Again, the accuracy for NO and NO2 at these concentrations is 

+- 5 ppm. 
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Figure 19 - Corrected NO Emissions Measured at Modified Full Engine Power 

 

Figure 20 - Corrected NO2 Emissions Measured at Modified Full Engine Power 
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Engine Performance 

 While gaseous emissions have been the focus of this experiment, the 

engines that these fuel blends are being tested on are race engines.  It is not suitable 

to merely test for emissions without regard to performance.  These vehicles and 

engines must win races.  During the experiment, some effort was made to observe 

and record engine performance characteristics.  While these may not be the most 

scientific of observations, they are relevant; and are hopefully just the beginning of 

our research into the effects of running environmentally friendly fuels through 

these engines.  The results of these observations will be discussed below. 

Exhaust Gas Temperature 

 Exhaust gas temperature is key for several reasons.  First and foremost, it is 

an operating limit for our engines.  Exhaust gas temperatures above 900 C are not 

permitted for very long, as this indicates extremely hot gases at the exhaust turbine.  

The exhaust turbine is an amazing piece of equipment but spinning it at 17,000 rpm 

while at 1500 C is almost certainly going to break it.  Even if it does not, that 

turbine will likely need to be inspected or replaced, just due to the amount of stress 

incurred.  These engines are operated in crowded environments.  A catastrophic 

failure of one of these turbine wheels means bystander injury at best.  It is not an 

acceptable risk.  In addition to an operating limit, it is an indicator of engine health.  

An engine that has a higher exhaust gas temperature for no apparent reason is likely 
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not operating correctly.  It indicates hotter than normal burner temps, lower than 

normal airflow, suboptimal burner mixing, or some other abnormality that needs to 

be investigated. 

 During this experiment, exhaust gas temperature (EGT) was observed and 

recorded.  This is read manually on an EGT gauge located on the control panel.  20 

degrees C is the smallest increment available on the gauge, meaning that good 

gauge reading techniques limit an observer to 10 C readings.  Any smaller is not 

reliable.  EGT remained constant at 730 C at idle until 60% biodiesel was tested.  

After that, EGT rose dramatically with biodiesel percentage, peaking at 790 C.  At 

full power, EGT remained at a relatively steady 610 C to 620 C. 

Engine Response 

 Engine response is characterized by four observations.  First, the relative 

amount of time that the engine took to stabilize at idle during startup was observed 

and noted.  Secondly, the engine response to throttle inputs was noted.  Thirdly, the 

engines ability to stabilize at full power when commanded was noted.  Finally, 

engine speed was recorded in the various operating conditions. 

Idle Stabilization 

 The engine demonstrated considerable difficulty climbing to idle speed 

when high biodiesel concentrations were used.  This difficulty seemed to (there are 

no metrics with which to measure this from the experiment) progress from the most 
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difficulty at 100% biodiesel to roughly normal operation at about 40% biodiesel in 

a linear fashion. 

Throttle Response 

 Throttle inputs were notably sluggish with high concentrations of biodiesel.  

In one case, discussed below, the engine stopped responding to throttle inputs at 

100% biodiesel.  Again, throttle response seemed to recovery linearly until normal 

operation was noted.  Regarding throttle response, normal operation was observed 

at 20% biodiesel. 

Full Power Stabilization 

 When the engine operator was asked to achieve full power, the engine 

throttle was pushed forward until it engaged the throttle stop.  The governor was 

relied upon to control engine speed.  No effect on engine full power stabilization 

was noted during the two days of the experiment.  There were a couple of incidents 

while testing low biodiesel blends when the engine operator felt the need to retard 

the throttle slightly, but this was due to the engine speed rapidly approaching full 

power and not due to any observed difficulty of the engine to achieve full power. 

Engine Speed 

 Engine idle speed was observed to decline with rising biodiesel 

concentrations in the fuel.  The decline appears to be remarkably linear, with idle 

engine speed starting at 48.5% on Jet-A and dropping to 43% on biodiesel.  While 
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this effect was expected, just how predictable this effect would prove to be was not.  

At full power, no change in engine speed was observed, as expected. 

Exhaust Appearance and Odor 

 The engine exhaust adopted a noticeably cloudy nature at high biodiesel 

concentrations.  This was at its worst at 100% but seemed to be mostly gone by 

40%.  It was also noted that the engine exhaust smelled much different than usual.  

On high biodiesel concentrations, it smelled very similar to flour.  While this was 

not particularly unexpected, the odor was quite surprising to the operators. 

The Impact of Fuel Composition 

 Another biodiesel behavior was observed that was entirely unexpected 

during the experiment.  Two days of testing were done to support this experiment.  

Each day tested a different batch of fuel.  This was entirely unintentional, and 

purely a result of the availability of fuel from the local distributor, Glover Oil.  

Both batches presented with specifications that were identical, and both had nearly 

identical color (brownish-yellow).  The only notable difference in appearance, feel, 

and smell was that the first batch had a cloudy appearance.  The second batch 

obtained was less opaque with a yellow tint. 

 On the first day of testing, the engine responded remarkably well to the 

biodiesel.  It was sluggish to start, idle, and respond to throttle inputs but it did 

respond to all these things.  It did not make any unusual noises or vibrations.  Aside 
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from the odd odor and smoky exhaust, most of the operators were not surprised by 

its operation on the first day. 

 The second day proved different.  Upon attempting to start the engine on 

B100, we noticed difficulty with combustor ignition.  The previous day it had been 

delayed, but today it was far more difficult.  It should be noted that the engine 

starter can only stay energized for a short amount of time before it may overheat 

and begin to suffer damage.  Finally, the burner lit following a long start cycle, and 

it was immediately evident that the engine would not come to idle.  Below idle, the 

engine does not have adequate airflow to cool the internal components.  A few 

seconds into the run, the engine was shut down to prevent damage. 

 The operators then started the engine on Jet-A and achieved a normal idle 

state.  Once the engine was stable at idle, the operators switched fuel sources and 

waited for the changes in engine operation that indicated that it was running on 

biodiesel.  The idle samples and observations were made, and the experiment 

operator informed the engine operator that the test cell was ready for full power.  

Upon increasing the throttle position, the engine operator noted that engine speed 

was decreasing and EGT was increasing.  Despite attempting to return to an idle 

condition, engine speed continued to fall.  The engine was shut down for the 

second time to prevent damage. 
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 The operators again restarted the engine on Jet-A, this time taking the 

engine to full power before switching to biodiesel.  The samples and observations 

were taken, and the engine shut down.  This represented a significant departure 

from the engine performance on the previous testing day.  All other conditions 

were nearly identical.  Upon starting up for the next blend test, the engine was 

noted to be difficult to start again and an unusual sound was observed from the 

engine.  This sound was lower frequency than typically observed from this engine.  

The operators switched to Jet-A and the sound dissipated.  The sound was 

attributed to the fuel and decayed with biodiesel concentration as the tests 

continued.  Upon inspection of the engine, and observation of its responses, it is 

evident that the problems testing on day two were due to the difference in fuel 

composition. 

 Glover Oil is not able to provide information about the composition and 

sources of the biodiesel that they distribute; only that it is compliant with the 

requirements for biodiesel blend stocks per the requirements in ASTM D6751.  

Regardless, the difference in appearance and, to a lesser extent, smell makes it clear 

that the two fuel batches were made differently.   

 It is evident that the impact of biodiesel composition on engine performance 

should be more closely studied, but resources are not available at this time. 
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Chapter 6 

Interpretation, Summary, and Conclusions 

 Much information has been presented as part of this paper and its associated 

project.  What does it really mean?  Presented here is a discussion of the results and 

how they have been interpreted.  Additionally, a brief discussion will be had about 

the future of this project and the benefits that may be found here. 

Interpretation of Results 

 At idle, several oddities were noted with the results of the experiment that 

have not yet been explained.  It is time to rectify that.  First, to the issue of gaseous 

emission, CO2 was found to be erroneously high for most of the biodiesel blend 

range, while NOx and CO appeared to perform as expected.  What is causing this?  

It is believed that this is due to three factors.  The first is that the model was 

generated using a constant temperature and pressure.  While this is reasonable from 

a modelling standpoint, it does not accurately reflect reality.  As biodiesel 

concentration was increased, engine speed decreased with the engine at idle.  This 

led to a change in compressor performance and changed burner pressure.  Likewise, 

the introduction of a fuel to the engine with a lower heating value than the design 

fuel likely affected the burner temperature.  The model also assumed an 

equivalence ratio of 1.  This is certainly not the case within the burner, especially 
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since the stoichiometric fuel/air ratio of biodiesel is elevated as compared to Jet-A 

due to the introduction of methanol during production.  These effects likely 

combined to disturb CO2 production the most.  It is also likely that the effect of 

these factors is present in the other gases, but not readily visible. 

 The second factor likely at play here is that biodiesel has different physical 

characteristics than the design fuel of the engine.  It is probable that there is an 

effect on the combustion efficiency of the engine due to this that is not easy to 

detect with the equipment used during the experiment.  This could be largely 

accounted for in a follow-on experiment. 

 The change in idle speed is almost certainly due to the lower heating value 

of the fuel.  I will restate that the linearity and predictability here was quite 

remarkable.  This is coupled with the rise in EGT.  As the engine speed slows, it 

pumps less air.  The lower mass flow rate through the engine obviously affects 

thrust, but it also changes the amount of air that heat can be transferred into.  Like a 

heat exchanger, as the mass flow rate of air through the heat flux of the burner is 

lowered, the temperature difference of the air across the burner will rise, and since 

the inlet temperature is fixed the exhaust temperature must also rise. 

 At full power, even more deviant behavior was noted as compared to the 

model.  While engine speed, and therefor burner pressure, remained constant; the 

fuel rate would be changing to accommodate the change in heating value and 
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combustion inefficiency.  As biodiesel concentration rises at full power, the engine 

must change the fuel rate to maintain the same engine speed or power.  The change 

in equivalence ratio and burner temperature caused by this feedback control is 

likely the cause of the discrepancies viewed here.  Again, CO2 is affected most, but 

the other gases are perturbed by these same factors. 

 It is important to put these results into suitable perspective.  Figure 21 

displays the same basic information as Figure 17, but is scaled this time to provide 

a better sense of the data as a fraction of the total exhaust of the J85 turbine.  Note 

that the data points plotted here show remarkably unchanged behavior in gaseous 

carbon.  In fact, gross gaseous carbon emissions only changed by .1% of total 

exhaust flow. 

 

Figure 21 - Gross Total Gaseous Carbon Emissions at Modified Full Power 
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The Net Carbon Discussion 

 The major advantage to biofuel is that these fuels close a major portion of 

the carbon cycle.  The carbon atoms leaving the exhaust were originally harvested 

from the atmosphere.  That means that a significant portion of the fuel used is 

atmospheric carbon neutral.  Exactly how much is up for debate, with estimates for 

reductions in lifecycle greenhouse gas emissions ranging from 17% for palm oil to 

86% for waste grease.  With that as a baseline, note that Figure 21 demonstrates 

that gross gaseous carbon emissions as a fraction of total exhaust gas from the 

turbine changed remarkably little across the spectrum of tested fuel blends.  Based 

on this small change in gaseous carbon and data from the EPA, it is evident that net 

gaseous carbon emissions from the turbine is mostly dependent on the lifecycle 

greenhouse gas reduction of the biodiesel production pipeline, rather than engine 

combustion performance.69 

Summary 

 After conducting a literature review of the existing work, a project was born 

to explore the use of biodiesel in aviation gas turbines further.  Gaseous emissions 

and general performance characteristics of a General Electric J85 gas turbine were 

observed during a two-day experiment conducted at Larsen Motorsports.  The 

findings were not dissimilar to other works, but the problem was explored with 

more fidelity than previously done.  Interesting perturbations in the gaseous 
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emission profile were found that do indicate that this problem is primed for further 

discovery. 

Conclusions 

 The results of this study include gaseous emission measurements and 

engine performance observations taken from a GE J85 axial-flow turbojet during 

operation on a spectrum of Jet-A/biodiesel blends.  These results show that flue gas 

speciation does not change substantially with the addition of biodiesel to the fuel.  

More specifically, the data presented here indicate that, based on the production 

method of the biodiesel, a significant reduction in greenhouse gas emissions can be 

achieved. 

Composition was found to have a significant effect on engine performance, 

despite both fuels meeting the requirements of the ASTM D6751 specification.  

Biodiesel was found to have no effect on the operation of the engine fuel system for 

the short duration of this test, though that would certainly change with enough time. 

Engine performance suffered as a result of the use of biodiesel.  The engine 

was found to be slow to respond to throttle inputs at high biodiesel concentrations 

and, in some cases, did not respond at all.  Cloudiness was observed in the engine 

exhaust at blends higher than B40, along with a distinctly different odor.  Biodiesel 

noticeably reduced engine speed with the throttle set to idle, likely a function of the 

lower heating value of the fuel; but no effect was noted at power.  Exhaust gas 
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temperature was found to rise at higher biodiesel blends at idle but, likewise, no 

effect was noted at power.  Engine sound was observed change tones as higher 

biodiesel concentrations were used under otherwise identical operating conditions. 

Further study should be devoted to determining proper compositions for 

acceptable engine performance on high biodiesel fuel blends.  Additionally, 

mechanisms for the combustion chemistry deviations between the model and 

experiment results could be explored by performing a similar test with more 

instrumentation.  Hardening of the fuel system against biodiesel should be 

considered, to allow continuous operation of the engine on higher blends.  Finally, 

engine sound should be monitored during fuel blends testing to determine if the 

change in tone represents a change engine sound pressure levels. 
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Appendix A 

Instrument Ranges, Resolutions, and Accuracies 

  

Measurement 

Parameter 

Measurement 

Range 

Resolution Accuracy 

O2 0-25vol.% 0.01vol.% +-0.2vol.% 

CO 0-10000ppm 1ppm +-10ppm (0-199ppm) 

+-5% of reading (200-2000ppm) 

+-10% of reading (rest of range) 

CO2 0-50vol.% 0.01vol.% (0-25vol.%) 

0.1vol.% (>25vol.%) 

+-0.3vol.%/+-1% of reading (0-

25vol.%) 

+-0.5vol.%/+-1.5% of reading (rest of 

range) 

NO 0-4000ppm 1ppm +-5ppm (0-99ppm) 

+-5% of reading (100-1999ppm) 

+-10% of reading (rest of range) 

NO2 0-500ppm 0.1ppm +-5ppm (0-99.9ppm) 

+-5% of reading (rest of range) 
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Appendix B 

Test Fuel Specifications and Tests Sheet 
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Appendix C 

NO and NO2 Plots for Engine Idle Condition 
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