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The Coordinating Research Council, Inc. (CRC) is a non-profit 
corporation supported by the petroleum and automotive equipment 
industries.  CRC operates through the committees made up of technical 
experts from industry and government who voluntarily participate.  The 
four main areas of research within CRC are :  air pollution (atmospheric 
and engineering studies); aviation fuels, lubricants, and equipment 
performance, heavy-duty vehicle fuels, lubricants, and equipment 
performance (e.g., diesel trucks); and light-duty vehicle fuels, lubricants, 
and equipment performance (e.g., passenger cars).  CRCôs function is 
to provide the mechanism for joint research conducted by the two 
industries that will help in determining the optimum combination of 
petroleum products and automotive equipment.  CRCôs work is limited to 
research that is mutually beneficial to the two industries involved, and all 
information is available to the public. 

 
CRC research projects are overseen by a technical panel with 
membership representing broad stakeholder input.  Research 
conclusions reflect a general consensus of the membership and not the 
special interest of any one company or organization. 
 
CRC makes no warranty expressed or implied on the application of 
information contained in this report.  In formulating and approving 
reports, the appropriate committee of the Coordinating Research 
Council, Inc. has not investigated or considered patents which may 
apply to the subject matter.  Prospective users of the report are 
responsible for protecting themselves against liability for infringement of 
patents. 
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PRF     Primary Reference Fuel 

PSIG     Pounds per square inch gage 

RPM     Revolutions Per Minute  

RGL     Regulatory and Guidance Library (FAA) 

ROP     Rich of Peak [Refers to fuel flow set to rich of peak EGT] 

RVP     Reid Vapor Pressure 

SAE     Society Automotive Engineering 

TCDS    Type Certificate Data Sheet (FAA) 

TDC     Top Dead Center (piston position) 

TEL      Tetraethyl Lead 

UL       Unleaded 

100LL    100 Octane Low Lead AVGAS 

ʌ       Equivalence Ratio = (F/A)actual / (F/A) stoichiometric
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FOREWORD 

 

Multiple pre-existing reports including results of laboratory  testing and full scale engine testing 
by several resources were used as the primary sources of information and data to compile this 
report which is intended to represent a composite summary of the research performed by the 
CRC UL AVGAS Development Group during the period of 2000 ï 2007. The above data were 
supplemented by related meeting minutes, presentations, email communications, and other 
data and documents which were generated during this period by the CRC UL AVGAS 
Development Group.  Where applicable throughout this report, the source of information or data 
is identified as a numbered reference.  A numerical listing of these references is included at the 
end of this report.  The author of this report has attempted to objectively document results in a 
summary manner using the above reference material; there are no changes to data or 
conclusions. In many cases, further discussion and graphical analyses are provided in an 
attempt to emphasize or further explore significant results, findings and conclusions.   

As guided by the Mission Statement, the objective of the CRC UL AVGAS Development Group 
was to conduct research and testing that will facilitate development of the next generation 
aviation gasoline with the goal of ensuring the availability of the required technical information 
for the development of an unleaded aviation gasoline that meets the requirements of both the 
existing and future general aviation fleet. The work product of the CRC UL AVGAS 
Development Group is technical data which is made available to industry as a means of 
enabling the industry decision process relative to an unleaded AVGAS.  The contents of this 
report fulfill that requirement. 



 

15 
 

ABSTRACT 

 
Industry activities to develop an unleaded alternative to the current 100LL AVGAS were 
launched in the 1990ôs and have continued to evolve in both scope and industry level of 
participation into a major research initiative.  Industry activities have focused on a formal 
collaborative industry research program with the goal of conducting research on fuels 
technology as related to the need for an unleaded high octane aviation gasoline capable of 
meeting the needs of both current and future aviation engines.  The purpose of the CRC 
research was not to formulate a commercial blend but rather to conduct research and make the 
findings available to industry as a means of facilitating industry evaluation of unleaded AVGAS 
alternatives. The industry collaborative research program has been led by the Coordinating 
Research Council (CRC) Unleaded AVGAS Development Group.  Working in parallel with this 
Group is the CRC Aviation Engine Octane Rating Group.  The FAA William J. Hughes Technical 
Centerôs Aviation Fuel & Engine Test Facility (AFETF) has played a pivotal role in providing 
support and engine test facilities.  The CRC research was guided by the objectives and 
constraints identified by the Groupôs Mission Statement.   
 
In excess of 279 experimental unleaded high octane blends were formulated and tested by the 
CRC UL AVGAS Development Group.  The objective of this report is to document the CRC UL 
AVGAS research activities and results to date as related to unleaded high octane aviation 
gasoline alternatives.  Included in this CRC summary research report are documentation of 
unleaded blend formulations, properties, laboratory test results, engine test results, and related 
industry reports and data.   
 

The research work of the CRC UL AVGAS Development Group included four major projects, 
each initiated pursuant to a test plan which provided for formulation of test fuels, test methods, 
and associated laboratory analysis.  The CRC work included identification of critical fuel 
properties, statistical analysis of results, and assessment of laboratory data.  Whereas other 
active industry alternative aviation fuel projects were focused on the evaluation of ethanol as an 
alternative aviation fuel, the CRC UL AGAS Development Group chose to focus its work on 
hydrocarbon based fuels with the addition of a select number of components to enhance octane 
quality.   

 

PHASE I - MON SCREENING OF 202 UNLEADED FUEL BLENDS 

During YR2000, the CRC UL AVGAS Development Group, using the best available industry 
knowledge, developed a matrix of technically viable base fuels and additives.  The matrix was 
further segregated into subsets of petroleum-based and non-petroleum based fuels (such as 
ethanol).  With consideration to the currently active ethanol based projects and the issues 
associated with ethanol as an aviation base fuel, a decision was reached to focus on the 
petroleum-based matrix.   A research plan was subsequently created and the Development 
Group completed MON (motor octane number) testing during YR2001 of a group of 202 
different blends representing the petroleum-based matrix.  This matrix was a designed 
experiment structured around three base fuels (aviation, motor, and super alkylate) using six 
different octane-boosting components.  The objective was to discern the MON characteristics of 
each of the 202 blends.   

The test results were subjected to statistical analysis with mathematical models developed to 
predict trends, response, and MON performance.   Results of the statistical analysis were 
presented at the SAE General Aviation conference held in April 2002.  Certain blends yielded 
MON values in the 100 -104 range.  Since the focus of the research was on engine octane 
satisfaction, properties such as vapor pressure, freezing point, heat content, and distillation 
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were not controlled as part of the experiment and were not evaluated for agreement with ASTM 
D910 AVGAS Specification.    

 

PHASE II - FULL SCALE ENGINE TESTING OF 30 UNLEADED BLENDS 

Research activities continued in YR2002 with full scale engine testing completed at both the 
FAA William J. Hughes Technical Centerôs Aviation Fuels & Engine Test Facility and at Cessna 
Aircraft using a group of 30 unleaded fuel blends developed from the YR2001 MON test 
program (202 blends). The 30 blends were designed to bracket a range of 97-105 MON using 
the mathematical models developed from the YR2001 MON screening program and were 
furnished to each of the test resources as anonymous blends, identified only by a blend number.  
The test fuels consisted of 15 aviation alkylate blends and 15 motor alkylate blends, each 
containing specific concentrations of the six different octane boosting components.   

The FAA test program used a Lycoming large bore high compression ratio IO-540-K engine 
while a Lycoming IO-360 engine was used in the Cessna tests.  The purpose of these tests was 
to evaluate knock characteristics of the unleaded fuel blends in representative critical engines.  
The engine tests included comparison with a baseline 100LL AVGAS.  Sufficient data were 
obtained to allow evaluation of engine performance and mixture characteristics for each 
unleaded blend tested. In addition, laboratory analysis was completed in YR2002 for each of the 
30 unleaded blends.  This included component properties and a complete D910 characterization 
of each blend.  Properties identified for each blend included density, vapor pressure, MON, 
supercharge rating, freezing point, aromatics, net heat of combustion, copper corrosion, water 
reaction, and distillation.   

Test results indicated some of the unleaded blends were capable of providing knock-free 
operation in the engines tested.  Whereas the primary focus of the research was to address 
engine octane satisfaction, properties such as vapor pressure, heat content, freeze point, and 
distillation were not controlled and were in most cases not in agreement with the ASTM D910 
AVGAS Specification.  No formulation was found to meet all ASTM D 910 requirements while 
simultaneously providing equivalent engine octane satisfaction to the baseline 100LL AVGAS. 

 

PHASE III - FULL SCALE ENGINE TESTING OF 47 UNLEADED BLENDS 

During the time period of YR2005 through YR2006, a test plan was developed which provided 
for continuation of full scale engine testing using a group of 47 unleaded fuel blends derived 
from the prior research results.  Full scale engine testing was resumed and completed in YR 
2007 at the FAA William J. Hughes Technical Centerôs Aviation Engine & Fuels Test Facility 
using this group of 47 UL blends.  The test engine was a Lycoming IO-540-K model 
representative of a general aviation naturally aspirated large bore high compression ratio 
engine.  The 47 UL blends were furnished as anonymous blends, identified only by a blend 
number and were formulated to meet the requirements identified.  A similar protocol to Phase II 
was adopted which provided for evaluation of engine performance, laboratory analysis of bend 
properties, and statistical analysis of results.  Detail engine test results were published by the 
FAAôs AFETF.  While some unleaded formulations offered equivalent engine octane satisfaction 
to the baseline 100LL AVGAS, none were found to simultaneously meet all the requirements of 
ASTM D 910. 

 

PHASE IV - ENGINE TESTS OF LEADED & UNLEADED FUELS OF SIMILAR MON 

Under the guidance of the CRC Octane Rating Group, full scale engine testing was performed 
at the FAA William J. Hughes Technical Centerôs Aviation Fuels & Engine Test Facility to 
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determine if leaded and unleaded fuels of the same laboratory MON offered the same engine 
octane satisfaction.  Both high and mid octane fuels were evaluated, with results giving a 
quantitative insight into any operational differences.  Such testing was of interest given that 
standard ASTM laboratory octane tests might be used to control unleaded AVGAS quality.      
 
Specially blended samples of leaded 100LL and 91/98 AVGAS were prepared for the program.  
Both products met all ASTM D910 specifications except for the use of dye in the 91/98 which 
was colorless.   The 100LL contained the maximum amount of lead permissible while the 91/98 
contained 90% of the maximum.  The octane quality of both the leaded and unleaded test fuels 
was determined by standard ASTM procedures; MON ASTM D 2700 and supercharge ASTM D 
909.  The high octane fuels were tested in a Lycoming IO540-K engine and the mid-octane fuels 
were tested in a Lycoming IO320-B engine.  The fuels were stressed to the point of light 
detonation by performing both mixture lean-outs and by increasing the manifold pressure.     
 
Under the conditions of the test, both the leaded 100LL and 91/98 AVGAS offered greater full 
size engine octane satisfaction when compared to the unleaded fuels of equivalent MON.  
Results indicated that a performance difference of up to approximately 3 MON may be present, 
more noticeably for fuels of higher octane quality.  Detailed engine test results were published 
by the FAAôs AFETF.  This work highlighted the importance of understanding the critical link 
between laboratory procedures used to control AVGAS quality, fuel formulation, and full size 
engine performance.  
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1. INTRODUCTION 

Industry activities to develop an unleaded alternative to the current 100LL AVGAS were 
launched in the 1990ôs and have continued to evolve in both scope and industry level of 
participation into a major research initiative.  Industry activities have focused on a formal 
collaborative industry research program which has had the goal of conducting research on fuels 
technology as related to the need for an unleaded high octane aviation gasoline capable of 
meeting the needs of both current and future aviation engines.  The purpose of the CRC 
research was not to formulate a commercial blend but rather to conduct research and make the 
findings available to industry as a means of facilitating industry evaluation of unleaded AVGAS 
alternatives. In excess of 279 experimental unleaded high octane blends were formulated and 
tested by the CRC UL AVGAS Development Group.   
 
The industry collaborative research program has been led by the Coordinating Research 
Council (CRC) Unleaded (UL) AVGAS Development Group.  Working in parallel with this Group 
is the CRC Aviation Engine Octane Rating Group.  The FAA William J. Hughes Technical 
Centerôs Aviation Fuel and Engine Test Facility has played a pivotal role in providing support 
and engine test facilities.   
 
The objective of this report is to document the CRC UL AVGAS research activities and findings 
to date as related to unleaded high octane aviation gasoline alternatives.  Included in this CRC 
summary research report are documentation of unleaded blend formulations, properties, 
laboratory test results, engine test results, and related industry reports and data.   
 

2. BACKGROUND 

The criticality of the need for an acceptable high octane aviation gasoline is best put into 
perspective by an understanding of the breadth of the general aviation industry and the affected 
aircraft and engines.  

According to the General Aviation Manufacturers Association, General Aviation is defined as all 
aviation other than military and commercial airlines.(1)   General Aviation (GA) is an integral part 
of the United Statesô intermodal transportation system  carrying 166 million passengers annually 
on general aviation aircraft ranging from two-seat training aircraft to intercontinental business 
jets.  For those communities without scheduled air service, GA is the primary option for air 
transportation of passengers and cargo and is relied on by more than 5,000 communities for 
their air transportation needs.(1)   GA contributed  $150 billion to the nationôs economy in 2005 
and employed more than 1,265,000 people with nearly 70% of the GA hours flown associated 
with business purposes.  

The total U.S. GA fleet in 2006 consisted of 225,007 aircraft with the piston powered fleet 
comprising 74% of the total.(2)   In excess of 18,555 aircraft were multi-engine.  The U.S. piston 
fleet in YR2006 consisted of 167,008 aircraft which is estimated to be 60% - 70% of the total 
worldwide piston fleet.   NASA Report No. CR-1998-207639 indicates that the North American 
GA piston powered fleet of 189,348 aircraft in 1992 was 71.5% of the world wide piston aircraft 
fleet. (3)     According to FAA statistics, total U.S. AVGAS consumption in 2006 was 351.6 million 
gallons where in excess of 17 million hours was flown by piston powered aircraft.(2)    

Piston powered GA aircraft are almost exclusively powered by horizontally opposed spark 
ignition reciprocating engines configured in 4, 6, and 8 cylinder arrangements manufactured by 
original equipment manufacturers (OEM) Teledyne Continental Motors and Textron Lycoming 
as FAA approved products conforming to either CAR 13 Civil Air Regulations or 14 CFR 33 
Federal Aviation regulations.   
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The FAA approved GA engines are both naturally aspirated and turbocharged with ratings from 
100 BHP to in excess of 400 BHP.   Fuels approved for operation in GA engines are specified in 
the FAA approved OEM continuous airworthiness data and the associated FAA TCDS (type 
certificate data sheet which may be accessed at http://rgl.faa.gov).  The approved fuel is 
typically specified as aviation gasoline conforming to ASTM D 910 specification either minimum 
grade 80, 91 (older version of D 910) or 100LL.  FAA certification of each engine model required 
that adequate detonation (knock) margins be demonstrated by test using a certified fuel of 
minimum quality while operating at worst case conditions for knock.  Furthermore, FAA 
certification (ref AC33-47-1) requires that the lean limit fuel flow be set at least 12% above the 
fuel flow corresponding to limiting detonation.  However, the FAA certification requirements do 
not require that the engine octane requirement be determined since historically the GA engines 
were designed to operate with the existing ASTM D 910 AVGAS. The reader is directed to 
reference (7) for a historical review of aviation gasoline.  

Most older GA engine models are approved to operate with a minimum grade 80/87 AVGAS but 
are also approved to operate with the more readily available higher grade 100LL AVGAS; there 
is a small percentage approved to operate on an older minimum grade 91 AVGAS. GA engine 
models produced since the mid 1970ôs are mostly high output, high performance, high 
compression ratio engines which require a minimum grade 100LL AVGAS for adequate knock 
margin.  The minimum grade 100LL fuel is specified in the engine FAA TCDS and the aircraft 
POH (Pilot Operating Handbook).  The latter represents a significant implication in consideration 
that this group of GA engine models accounts for a large percentage of the annual GA hours 
flown.  FAA statistics indicate that multi-engine aircraft which comprise less than 12% of the 
fixed wing fleet and are predominantly powered by high performance engines requiring 100LL, 
accounted for approximately half of the fuel consumed by the total piston fixed wing fleet in 
YR2006.(2)     

 

Figure 1.0 
Typical General Aviation Six Cylinder Engine 

Spark Ignition 

GA aircraft and engine products are shown through test and analysis to be compliant with the 
applicable FAA regulations. The FAA approval process for aircraft and engine products is a 
rigorous demanding process which substantiates the airworthiness of the product.  Major 
changes to the approved fuel or engine octane requirements necessitate re-certification of the 
affected engines and aircraft.    

With as many as 230,000 piston powered general aviation aircraft operating worldwide, industry 
estimates have indicated that as much as a third to one half of the fleet may require a high 
octane AVGAS equivalent to 100LL; however, industry experts believe it is this segment of the 
fleet which accounts for most of the general aviation flying time today.  Therefore, the continued 

http://rgl.faa.gov/
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availability of an appropriate high octane AVGAS is viewed as a critical need by the general 
aviation industry.  

Reflecting the criticality of the dependence of the GA piston fleet on 100LL AVGAS, the concern 
regarding continued availability of 100LL, and environmental considerations relative to TEL, the 
GA industry precipitated the formation of a CRC Research Project in 1996 with a formal request 
from the General Aviation Manufacturers Association.   

 

 

Figure 2.0 
Installed 350 BHP Turbocharged Engine 

 

 

Figure 3.0 
Typical General Aviation Aircraft 

 
 

3. CONCLUSIONS 

Whereas early CRC Development Group evaluations determined that engine octane 
requirement is one of the most critical and challenging performance aspects associated with an 
unleaded AVGAS, the CRC research into unleaded aviation gasoline alternatives focused on 
meeting engine octane requirements while noting any compromise in other fuel parameters 
specified in ASTM D 910.  CRC research results based upon full scale engine tests and 
laboratory MON tests of unleaded fuel blends evaluated for engine knock satisfaction did not 
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identify a transparent replacement for the 100LL AVGAS product.   Although full scale engine 
tests indicated some blends were capable of providing knock free operation in the test engine, 
these blends represented the use of specialty chemicals which may require further evaluation 
with respect to environmental impact.  Economic viability of the blends tested is not the 
jurisdiction of CRC and will need to be evaluated separately by industry.   Furthermore, CRC 
test blend properties were not controlled for agreement with the ASTM D 910 specification as 
the primary focus was engine octane satisfaction. 

Although some experimental blends of specialist components were shown to exceed the 100LL 
specification of 99.6 MON minimum, such formulations are very different as compared to the 
current ASTM D 910 product and potentially compromise other important fuel properties and 
specifications.   Depending upon engine power output and configuration, high performance 
aviation engines can require unleaded fuels in excess of 100 MON to achieve knock free 
operation.  Leaded AVGAS 100LL or 91/98 offers greater octane satisfaction in full size engines 
when compared to unleaded products of similar laboratory MON.  

CRC test results are indicative of the significant challenge regarding a high octane unleaded 
AVGAS formulation and further serve as a reminder that aviation fuels represent specialized 
products optimized over many years to maximize performance and flight safety.  Through the 
CRC, a broad range of Industry expertise and facilities have been made available to investigate 
this issue.   Such groups, with input from all parties, and working in collaboration with industry 
offer a viable means of conducting meaningful research.   

The goal remains a viable solution which assures performance and flight safety for both the 
existing and future general aviation fleets. 

 

4. RELATED STANDARDS AND SPECIFICATIONS 

Industry standards, specifications, and FAA documents and regulations relating to aviation 
gasoline, reciprocating aircraft engines and aircraft are listed as follows.    

4.1. ASTM D 909, ñTest Method for Knock Characteristics of Aviation Gasolines by the 
Supercharge Method.ò 

4.2. ASTM D 910, ñStandard Specification for Aviation Gasoline.ò 

4.3. ASTM D 2700, ñStandard Test Method for Motor Octane Number of Spark-Ignition Engine 
Fuels 

4.4. ASTM D 6424, ñPractice for Octane Rating Naturally Aspirated Spark Ignition Aircraft 
Engines.ò 

4.5. ASTM D 6812, ñGround-Based Octane Rating Procedure for Turbocharged/Super- 
charged  Spark Ignition Aircraft Engines.ò 

4.6. FAA Advisory Circular 20-24B, ñQualification of Fuels, Lubricants, and Additives for Aircraft 
Engines.ò 

4.7. FAA Advisory Circular 23-16, ñPowerplant Guide for Certification of Part 23 Aircraftò 

4.8. FAA Advisory Circular 33-47-1, ñDetonation Testing in Reciprocating Aircraft Engines.ò 

4.9. FAA Advisory Circular 33-2B, ñEngine Type Certification Handbookò 

4.10.  FAA TCDS for engines and aircraft may be accessed at : 
http://rgl.faa.gov/Regulatory_and_Guidance_Library/rgMakeModel.nsf/MainFrame 

4.11.  14 CFR Part 33, FAA Certification Requirements for Reciprocating Aircraft Engines 

http://rgl.faa.gov/Regulatory_and_Guidance_Library/rgMakeModel.nsf/MainFrame
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4.12.  14 CFR Part 23 Subpart E, FAA Certification Requirements for Installed Powerplants 

5. CRC UL AVGAS DEVELOPMENT GROUP 

5.1. Organization & Membership 

Membership of the CRC Unleaded AVGAS Development Group reached a level of over 60 
individuals representing over 40 different organizations including international AVGAS 
manufacturing knowledge and aviation engine expertise.  Working in parallel with this group, 
and with mostly a common membership, was the CRC Aviation Engine Octane Rating Group 
which was formed with the objective of developing a method to consistently rate aircraft engine 
octane requirement under harsh repeatable conditions and to determine the general aviation 
fleet octane requirements.  The FAA and industry trade organizations AOPA, EAA and GAMA 
were significant contributors to the overall process and reflect the extent of support for this 
initiative.  The FAA William J. Hughes Technical Centerôs Aviation Fuels & Engine Test Facility 
was instrumental in providing test facilities and funding in support of the CRC objectives.   

Recognizing the large size of the CRC Unleaded AVGAS Development Group and the diverse 
membership, methods were evolved to facilitate progress.  Formation of a small Task Group 
working as a subset of the CRC Development Group, use of a single lab for blending and 
analysis, and allocation of the FAA Technical Center engine test facility as the primary test 
resource were significant factors in achieving this goal.  Parallel test programs at the FAA 
Technical Center and at Cessna Aircraft using different engines for the 30 unleaded blends 
further enhanced the research process and methods. These factors contributed to facilitating 
progress of the collaborative effort wherein Task Group members provided base fuels, blend 
components, and technical guidance with actual engine testing performed by the FAA Technical 
Center. Task Group participants included representation from the following organizations.  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.0 

CRC UL AVGAS Task Group  
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5.2. Mission Statement 

As a means of guiding the CRC research work, a Mission Statement was evolved early in the 
process with the goal of clearly identifying the research objectives and constraints.  The 
following Mission Statement has remained in effect without change throughout the activity 
described within this report. 

 

 

 

 

 

 

 

 

 

 

Significant aspects of the mission statement which provided guidance relative to the conduct of 
the CRC research project are highlighted as follows.  The primary benefit of the mission 
statement was a means to ensure the research objectives remained focused and consistent 
throughout the project. 

o Conduct research and testing 

o High octane unleaded replacement 

o Providing oversight and direction for research 

o Collaborative process 

o Meeting requirements of existing and future fleets 

 

5.3. CRC Octane Rating Group  

The CRC Octane Rating Group was formed in 1991, before the Unleaded AVGAS Development 
Group.  The Octane Rating Group consisted of mostly a common membership and upon 
formation of the UL AVGAS Development Group worked in parallel to support the CRC UL 
AVGAS Development Group.  It also functioned as a collaborative industry effort wherein testing 
was performed at the FAA Technical Centerôs AFETF with fuels furnished by the petroleum 
companies.  The primary objective of the octane rating group was to identify the maximum 
octane requirement of the current aircraft engine fleet.  In order to accomplish this objective, the 
Octane Rating Group had to develop two ASTM standard practices, or methods, to consistently 
rate aircraft engine octane requirements under harsh, repeatable conditions representative of 
the operational environment.  These methods were used to determine the unleaded fuel octane 
requirement of the general aviation fleet.  The Octane Rating Group also developed unleaded 
primary reference fuels greater than 100 MON. It should be noted that an industry standard for 
octane rating aircraft engines and unleaded octane rating fuels > 100 MON did not previously 
exist; furthermore, the aviation method and fuels are significantly different as compared to 
automotive practice and require specialized facilities and expertise. 

ñThe Unleaded Aviation Gasoline Development Group as organized under the sponsorship 
of the Coordinating Research Council has been formed with the objective of conducting 
research and testing that will facilitate development of the next generation aviation gasoline ï 
a high octane unleaded aviation gasoline as an environmentally compatible, cost effective 
replacement for the current ASTM D910 100LL fuel.  Consisting of representatives from the 
airframe manufacturers, engine manufacturers, fuel producers, FAA, AOPA, EAA, GAMA, 
and other interested parties, the CRC AVGAS Development Group acts as a steering 

committee, providing oversight and direction for research and testing. 

The CRC AVGAS Development Group is committed to an interactive, collaborative process 
with the goal of ensuring the availability of the required technical information for the 
development of an aviation gasoline that meets the requirements of both the existing and 
future general aviation fleet.  Safety, reliable operation, and environmental awareness are 
driving principles.ò 
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ASTM D 6424 and ASTM D 6812 constitute the two standard practices developed by the CRC 
Octane Rating Group.   ASTM D 6424 was implemented in 1999 and applies to the octane 
rating of normally aspirated aircraft engines.  ASTM D 6812 was released in 2002 and applies to 
the octane rating of turbocharged engines.   Engines representative of the general aviation fleet 
were octane rated using these ASTM procedures to determine the unleaded octane 
requirement. Test results indicated a minimum unleaded octane requirement greater than 100 
MON for naturally aspirated engines and higher for turbocharged engines depending upon 
engine power output and configuration.  Such findings are consistent with the test results 
observed during the full scale engine testing reported in Section 6.6.  

Engines octane rated at the FAA Technical Center included the following which are 
representative of the large bore high output engines which require a high octane aviation 
gasoline. 

Ç TEXTRON LYOMING 

o TIO-540-J 

o IO-540-K 

Ç TELEDYNE CONTINENTAL MOTORS 

o TSIO-550-E 

o IO-550-D 

 

6. CRC UL AVGAS RESEARCH  RESULTS 

6.1. Research Group Protocol 

The operational performance of AVGAS 100LL as manufactured to ASTM D 910 specification, 
is dependent on many parameters which are further discussed in Section 6.8 CRITICAL 
PROPERTIES AND OPERATIONAL ISSUES.   One of the most significant properties of 100LL 
AVGAS as compared to other gasoline products is the very high octane quality of the fuel, 99.5 
motor octane number (MON) minimum(6).  This comparatively high octane quality is necessary 
as required to meet the octane requirement of the thermally efficient high output GA engines 
which comprise a significant portion of the general aviation fleet.  Based on a broad Industry 
consensus, the CRC UL AVGAS Development Group sought to investigate this fuel parameter 
first, while being aware that other critical properties would require assessment at a later date.   
As guided by the Mission Statement, the focus was research of unleaded AVGAS alternatives 
with the work product being research data which would enable industry to make decisions about 
possible blends and blend components.  The CRC UL AVGAS research projects as 
documented in this report are summarized as follows in Section 6.2.  

The CRC UL AVGAS Development Group, which functioned as a purely collaborative research 
initiative without the benefit of direct funding, further chose to focus its research efforts on 
hydrocarbon base fuels in consideration that non-hydrocarbon based fuels such as ethanol 
were being actively investigated by other well funded industry programs.   Accordingly, the CRC 
UL AVGAS research projects were structured and planned to focus on unleaded blends using 
hydrocarbon based alkylates with additives selected to provide maximum octane effect.  Ethanol 
was included in the investigations as an additive, but not as a base fuel.   

Research presented within this report was not intended to address the merits of the ASTM 
supercharge rating or the MON rating, either pro or con, but rather documents test results 
consistent with the existing D  909 and D 2700 specifications where applicable. 
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6.2. Research Projects 
 
During the period of YR2000 through YR2008, the CRC UL AVGAS Task Group (working as a 
subcommittee of the Development Group) planned, implemented, and completed four separate 
research projects involving test and evaluation of various unleaded high octane blends as 
shown in Figure 5.0.  In excess of 279 unleaded blends were evaluated.  Base fuels and 
additives evaluated by the CRC Group included those shown in Figures 6.0 and 7.0.  Table 1.0 
provides a chronological listing of significant research events and milestones.  

 

 

FIGURE 5.0 
CRC UL AVGAS Research Projects 

 
 
 

With the exception of Phase I which involved MON laboratory testing using a CFR engine, 
Phases II through Phase IV involved full scale engine testing of unleaded blends using a test 
engine representative of the general aviation fleet with an octane requirement of approximately 
100 MON.  Each of these project phases was executed as a collaborative research venture 
wherein the research plan was evolved by the CRC UL AVGAS Task Group (subset group of 
CRC UL AVGAS Development Group) with members providing blend components and base 
fuels which were tested and blended by a single lab with full scale engine testing performed by 
the FAA Technical Center.  One of the projects included engine ground testing of the 
experimental blends by Cessna Aircraft (see Section 6.5).  Funding for laboratory analysis and 
purchase of certain blend agents was provided by the FAA Technical Center. 

CRC UL AVGAS  
RESEARCH PROJECTS 

 

PHASE I 
202 UL BLENDS 

SECT 6.4 

PHASE II 
30 UL BLENDS 

SECT 6.5 

PHASE III 
47 UL BLENDS 

SECT 6.6 

PHASE IV 
HI ï MID LL vs UL OCTANE 

BLENDS SECT 6.7 
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Figure 6.0 
Alkylates Evaluated in CRC Experimental Blends 

 

 

Figure 7.0 
Additives Evaluated in CRC Experimental Blends  

 

 

Table 1.0 
Significant Research Events & Milestones 

CRC UL AVGAS Development Group & Octane Rating Group  

V 1999 
Paper Prepared by CRC Titled ñPerformance Characteristics of 
Future Unleaded Aviation Gasolineò 

V 1999 
ASTM Standard Procedure for Octane Rating Naturally 
Aspirated Spark Ignition Aircraft Engines Released 

V Sept 2000 Technically Viable UL Fuel Matrices Identified 

V Nov 2000 MON Test Plan Developed 

V April 2001 MON Screening Completed, 202 Blends 

V June 2001 MON Test Data 202 Blends Disseminated to CRC Dev Group  

V Nov 2001 YR2002 Engine Test Plan Developed for 30 UL Blends 

ADDITIVES 

TOLUENE ETBE SUPER  

ALKYLATE 
M-TOLUIDINE 

MMT 
 

ETHANOL T-BUTYLBENZENE ISO-PENTANE 

 

ALKYLATES 

MOTOR AVIATION SUPER ALKYLATE 
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V 2002 
ASTM Standard Procedure for Octane Rating Turbocharged 
Spark Ignition Aircraft Engines Released 

V March 2002 
Fuels Shipped for First Full Scale Engine Tests 30 UL Blends 

V April 2002 Statistical Analysis 202 Blends Presented at SAE 

V Sept 2002 Full Scale Engine Tests Completed, 30 UL Blends 

V Sept 2002 D910 Characterization Completed, 30 UL Blends 

V 2003 
Full Scale Engine Tests Completed Comparing Effect of Mid 
Range ï High Octane Leaded vs Unleaded Fuels 

V 2004 Test Results Reports Released, 30 UL Blends 

V 2005 
Test Plan Developed, Full Scale Engine Tests, 47 UL Blends 

V 2005 
Test Plan Finalized, Full Scale Engine Tests, 47 UL Blends 

V 2006 
Full Scale Engine Tests Completed of Leaded & Unleaded Fuels 
of Similar MON & Performance Number 

V 2007 Full Scale Engine Tests Completed, 47 UL Blends 

V 2007 
Consideration Given to Expansion of CRC Research to Include 
Test of Engine Modifications 

V 2010 CRC Research Report Phase I ï IV Released 

 

6.3. Methods 

The purpose of the CRC research described within this report was to investigate options for 
additives and base fuels that when combined in the absence of TEL offered the potential of 
satisfying the high octane requirement of the general aviation fleet.  Research methodologies 
focused on a combination of laboratory MON screening, full scale engine knock tests of 
candidate unleaded fuel blends, and laboratory analyses of component and blend properties. 
Various other methods which are discussed as follows were utilized to facilitate attainment of 
the groupôs goals.   

Complementing the basic test methodology was the decision to implement each test plan as a 
design of experiment (DOE) with the associated statistical analysis.  Task Group Member 
ConocoPhillips played a key role in providing statistician support for design of experiments and 
associated analysis.   Implementation of each test phase as a DOE for maximum effect and 
knowledge including evaluation of interactions of the blend components was a significant factor 
in the successful completion of the test phases listed in Figure 5.0.   

Preceding the formal design of experiment for each test phase was a process wherein the 
expertise and specialty knowledge of the Task Group members combined to identify candidate 
alkylates, additives, blend constraints, component ranges for each of the test phases.  
Knowledge gained from each test phase was given consideration in formulating the plan for the 
next phase.  Task Group Members representing the fuel producers, chemical manufacturers, 
and specialty labs played a vital role with respect to identification of components, volume 
fractions, and blend constraints.  Input and guidance from Air BP, Chevron, ConocoPhillips, 
Dixie Services, Ethyl Corporation, ExxonMobil, Lyondell Chemical, and Total Raffinage was 
fundamental to the evolution of each research plan.   In addition, these Task Group members 
collaborated to provide base fuels and additives in support of each test phase.   
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Use of a single laboratory for component analysis and blending was another aspect contributing 
to the successful implementation of the research methods described.  Task Group Member 
Dixie Services provided laboratory analysis and test fuel blending for all of the test blends 
described in this report.   

The availability of a well equipped dynamometer test cell and associated instrumentation was a 
significant factor in the successful completion of the engine screening tests.  The availability and 
expertise of the FAA Technical Center test facility and staff was instrumental to the CRC 
research process.  Without the FAA Technical Centerôs support and funding of component 
acquisition and blending, the outcome of the CRC research would have likely been quite 
different.   

Research methods were also facilitated by testing of an identical batch of the Phase II 30 UL 
Blends by a different test facility employing a different test method.  This tended to normalize 
the test results for the 30 UL blends.  Cessna Aircraftôs test facility provided an effective 
alternative test facility, which yielded results consistent with that observed at the FAA Tech 
Center.  

 

6.3.1. Design of Experiment 

Design of Experiment (DOE) is a structured organized method that is used to determine the 
relationship between variables which affect a process and the output of that process using the 
fewest trial runs.  DOE provides that all relevant factors are varied systematically.  Analysis of 
DOE results helps to identify  optimal conditions, the factors that most influence the results, and 
those that least influence results, as well as details such as the existence of interactions and 
synergies between factors.  DOE is a strategy to gather empirical knowledge based upon the 
analysis of experimental data.  Research plans prepared for the Phase I and Phase III projects 
evaluating the 202 blends and 47 blends respectively were each planned and implemented 
using design of experiment methods.  Subsequent statistical analysis of the data allowed the 
development of mathematical models which predict the MON rating of a fuel blend based upon 
the specified blend components and their respective compositions. The experimental design for 
the Phase I project was based upon a mixture and cubic design structures and resulted in 75 
fuel blends for the seven-component aviation alkylate matrix, 75 fuel blends for the seven-
component motor alkylate matrix, and 52 fuel blends for the six-component super alkylate 
matrix; replicate blends were included in each matrix to address experimental error.(10)(24) 

 

6.3.2. Laboratory Tests 

Task Group Member Dixie Services was commissioned by the CRC Unleaded AVGAS 
Development Group to provide laboratory support consisting of component property and 
chemical analysis, experimental fuel blending, and property analysis of the blended unleaded 
test fuels.  Unleaded blends and components evaluated during the CRC research projects were 
subjected to laboratory analyses and tests in accordance with the respective research plan as 
defined and implemented by the CRC Unleaded AVGAS Task Group; see Sections 6.4 ï 6.7.  
Once a test plan was defined, the laboratory worked in conjunction with the engine test resource 
and the statistician developing the experimental design to define the volume or mass 
requirements for blend components and alkylates.  Each unleaded blend prepared for full scale 
engine testing was assigned a coded identifier by the laboratory since each blend was furnished 
anonymously to the engine test facility; the unleaded blend composition was not provided to 
either engine test source prior to engine testing.  
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Whereas the Phase I MON screening of 202 unleaded blends consisted only of testing for Motor 
octane number using a CFR engine in accordance with ASTM D 2700, the entire Phase I test 
program was conducted totally within the laboratory facilities of the designated laboratory Dixie 
Services. Tables 2.0 and 3.0 summarize the laboratory testing performed on blend components 
and the unleaded fuel blends respectively in accordance with the applicable ASTM standards.  
See Sections 6.4 through 6.7 and Appendices A ï C of this report for results of lab analysis and 
associated testing.  

 

 

Table 2.0 
Laboratory Testing of Component Chemical & Physical Properties 

CRC UL AVGAS Research Projects 

ASTM Test Method 
Phase I 

Components 

Phase II 
Components 

Phase III 
Components 

Phase IV 
Components 

D 4052 Relative Density Yes No Yes NA 

D 5191 Vapor Pressure Yes No Yes NA 

D 2699 Research Octane No Yes No No NA 

D 2700 Motor Octane No. Yes No Yes NA 

D 2622 Sulfur Content No Yes No NA 

D 5453 Sulfur Content No No Yes NA 

E 1064 Water Content Yes No Yes NA 

D 2360 Toluene Content Yes No Yes NA 

D 5441 ETBE Content Yes No Yes NA 

D 5501 Ethanol Content Yes No NA NA 

D 850 Distillation Range Yes No Yes NA 

D 86 Distillation % Yes No Yes NA 

 

 

Table 3.0 
Laboratory Testing of Fuel Properties 

CRC UL AVGAS Research Projects 

ASTM Test Method 
Phase I 

202 Blends 
Phase II 

30 Blends 
Phase III 

47 Blends 
Phase IV 

Mid ï Hi MON 

D 2700 Motor Octane No. Yes Yes Yes Yes 

D 910 Aviation Gasoline No Yes No Yes 
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D 909 Supercharge Rating No Yes No Yes 

D 4052 Density No Yes Yes Yes 

D 5191 Vapor Pressure No Yes Yes Yes 

D 2386 Freeze Point No Yes No Yes 

D 4809 Energy Content No Yes No Yes 

D 130 Copper Corrosion No Yes No Yes 

D 1094 Water Reaction No Yes No Yes 

D 2831 Manganese Content No Yes No No 

D 86 Distillation No Yes No Yes 

D 1266 Sulfur Content No No No Yes 

D 3341 Lead Content NA NA NA Yes 

 

6.3.3. Engine Test Facilities 

Several engine test facilities were used for the full scale engine testing.  The primary test facility 
was located at the FAA Technical Centerôs Aviation Fuel & Engine Test Facility in Atlantic City, 
New Jersey.   Full scale engine tests were also performed on the Phase II matrix of 30 unleaded 
blends at a Cessna Aircraft test facility in Wichita Kansas.  Identical blends of the Phase II 
matrix of 30 unleaded blends were tested by both the FAA AFETF and by Cessna Aircraft.  
Although there were significant differences in test facilities and test methods described as 
follows, the test results are equally applicable in consideration the intent at each test facility was 
a comparative assessment of the unleaded test blends using a 100LL fuel as the baseline.  
Each test facility used an engine representative of worst case fleet naturally aspirated engines 
which require a high octane aviation gasoline. 

 

6.3.3.1. FAA Technical Center Aviation Fuel & Engine Test Facility 

The FAAôs AFETF is a reciprocating engine test facility consisting of 3 fully equipped 
dynamometer test cells.  CRC research full scale engine testing using the IO-540-K engine at 
the FAA Technical Center was performed in Test Cell No. 2 using an eddy-current 
dynamometer to load the engine.  The engine was operated using the throttle control with the 
dynamometer load controller providing speed control of the engine which allowed engine speed 
to be accurately set and maintained for each power setting.  Adjustable cooling air controls 
provided for variable cooling airflow to the engine cylinders which was regulated to maintain 
desired CHT for each test (see Section 6.3.3).  Similarly, engine oil was cooled externally to the 
engine using test facility equipment which allowed engine oil inlet temperature to be adjusted 
and maintained at desired settings for each test.  Inlet air temperature to the engine throttle was 
controlled for both temperature and humidity for all tests using facility air management 
equipment.  Inlet air humidity was controlled to below 5% relative humidity with most test 
conditions being less than 1 grain of moisture per lb of dry air.  Inlet air pressure was not 
controllable and was equivalent to ambient air barometric pressure for each test.  Test facility 
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instrumentation included mass airflow measurement of both fuel flow and engine induction 
airflow. The engine was fitted with a conventional exhaust manifold which directed the exhaust 
gases into a facility exhaust collector. Details of the FAA Aviation Fuels and Test Facility, test 
equipment, and instrumentation are addressed in the FAA reports listed in Section 9.0 
References(12)(14)(15).  Figures 8, 9, and 10 are images of the FAA test cell, engine installation, 
and control room console. See also reference (9) for prior FAA testing of unleaded AVGAS. 

 

 

Figure 8.0 
FAA AFETF Dynamometer Test Cell No. 2 

 

 

Figure 9.0 
FAA AFETF Dynamometer & Induction Air System 
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Figure 10.0 
FAA AFETF Dynamometer Control Station  

 
 

6.3.3.2. Cessna Aircraft Test Facility 

Cessnaôs Unleaded Fuels Development Test Stand employed a Cessna model 172 aircraft 
fuselage with the test engine installed within the standard production cowling using C172 
standard baffling and exhaust manifold.  The aircraft fuselage (less wings and tail structure) was 
ground secured in a manner to act as a test bed for the engine.  The engine was fitted with a 
fixed pitch propeller which provided the means for loading the engine and a source of cooling air 
for the cylinders and oil cooler.  A torquemeter installed between the propeller and engine 
output shaft provided for measurement of engine torque; see Figure 12.0.  The engine was 
operated from a control room remote from the fuselage using the engine throttle.   Inlet air 
temperature to the engine throttle was controlled for temperature only using test facility air 
temperature management equipment consisting of a hot air heater.  Inlet air pressure and 
humidity were not controllable and were equivalent to ambient air barometric pressure and 
humidity for each test.  Sequence of back to back tests with baseline 100LL and test fuels 
insured uniformity in ambient pressure and humidity. Test facility instrumentation included mass 
measurement of fuel flow. Details of the Cessna test facility, test equipment, and 
instrumentation are addressed in the Cessna report listed in Section 9.0 References(13). 
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Figure 11.0 
Cessna 172 Engine Ground Test Rig 

 

 

Figure 12.0 
Cessna Ground Test Rig, IO-360 Engine in C172 Fuselage 

 

6.3.4. Test Engines 

The following describes the engines used for testing of the unleaded AVGAS blends evaluated 
during the CRC projects listed in Figure 5.0.   Two different engines were used for the CRC 
Phase II and Phase III projects with both being representative of a large segment of the general 
aviation engine fleet which requires a high octane aviation gasoline.  A large bore six cylinder 
300 BHP naturally aspirated engine with 8.7:1 CR was used as the primary test engine at the 
FAA Technical Center(12)(14)(15). A large bore four cylinder naturally aspirated engine with 9:1 CR 
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