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Synopsis 
 

The  proposed  Cool  Flame  Investigation  (CFI)  offers  a  unique  opportunity  to  study  the 
combustion  of  large  fuel  droplets  that  exhibit  hot  ignition  followed  by  radiative  extinction  and 
continued burning by low‐temperature combustion (cool flame chemistry) in the presence of heat 
loss.     A basic understanding of cool flames is important for understanding ignition phenomena of 
practical fuels.   Cool flames play a key role in the development and selection of new fuels and the 
design  of  advanced  engines  such  as Homogeneous Compression  Ignition  Engines.    The proposed 
research is exciting, well‐planned, and will contribute to the knowledge base of combustion science. 
The  team  consists  of  international  experts  in  the  fields  of  hydrocarbon  combustion  kinetics  and 
droplet  combustion,  who  have  had  significant  success  in  previous  microgravity  programs.  The 
committee strongly recommends that NASA support the continued development and operation of 
this ISS experiment.   
 

While droplet combustion under microgravity conditions has been studied for many years, 
recent observations made by the CFI team were not predicted by computational models (based on 
high  temperature  chemistry)  nor  expected  based  on  prior  experimental  work.    Rather,  the  new 
observations made using the FLEX hardware underscore the importance of studying long‐duration 
droplet  burning  and  highlights  the  need  to  better  understand  both  low  and  intermediate 
temperature  fuel  chemistry  and  its  affect  on  droplet  combustion,  having  implications  for  spray 
combustion and fire safety.  In recent ISS experiments, a cool flame was observed to develop after 
radiative  extinction  of  a  burning  droplet  and  the  cool  flame  then  transitioned  to  ignition,  i.e., 
reignition of the droplet following hot flame extinction.  This unexpected observation highlights the 
need  for  an  improved  understanding  of  low  temperature  combustion  of  droplets  in  space.    This 
unique  burning  behavior  has  also  attracted  international  interest  from  researchers  in  academia, 
industry,  and  government  laboratories  including  interest  from  United  Technologies  Research 
Center and GE Global Research.    
 



  2

1. Evaluate and affirm the scientific merit of the proposed investigation and significance of the 
science objectives 
 
The  importance  of  cool  flame  phenomena  has  been  recognized  in  both  theoretical  chemistry 
and applied engine  technologies  for many years.   Combustion chemists have been developing 
new computational models  to  compute  combustion performance  in practical  applications.    In 
particular, cool flame reactivity determines octane and cetane number for fuels in spark ignition 
and diesel engines.  Unlike prior cool flame studies, FLEX experiments offer a new capability to 
approach  cool  flames  in  a  novel  manner  that  is  impossible  to  achieve  in  ground  based 
experiments  and  offers  the  potential  to  further  our  understanding  of  the  associated  complex 
fuel chemistry.   As proposed, the CFI research will explore the interactions between fuels and 
fuel  mixtures  with  different  amounts  of  cool  flame  behavior  and  under  elevated  reaction 
pressures. 
 
The  cool  flame  behavior  observed  in  the  FLEX  experiments  involves  a  novel  mode  of  low 
temperature  droplet  combustion  based upon  cool  flame  chemistry  and  is  a  new discovery  in 
combustion  science.      As  such,  the CFI  effort  proposes  to  further  expand droplet  combustion 
research  into  the  area  of  cool  flame  burning  and  extinction.  The  panel  is  confident  that  the 
research will  provide  a  better  understanding  of  the  low  temperature  chemistry  and  coupled 
heat and mass transfer associated with droplet combustion for large alkane fuels burning under 
the newly discovered cool flame mode.  In particular, the effects of isomeric structure of the fuel 
(which is known to affect whether a fuel exhibits or does not exhibit cool flame behavior), the 
relationship between octane and cetane number, and the role of additives that can disrupt and 
interfere with  the  low  temperature  chemical pathways will  be  studied  (see  the  supplemental 
information for more discussion on the importance of these aspects). Fundamentally, the data 
acquired  in  these  experiments  will  provide  the  combustion  community  with  a  deeper 
understanding of hydrocarbon chemical mechanisms and the transition between low and high 
temperature combustion phenomena.  Understanding low temperature hydrocarbon chemistry 
is  important  to many  ground  based  practical  devices  (e.g.,  diesel  engines)  as well  as  for  fire 
safety concerns in space.  In addition, like the original FLEX experiments, the proposed droplet 
cool  flame  experiments  may  have  importance  to  new  combustion  methods  such  as  fuel 
reforming. 
 
 

2. Reaffirm the need for a long‐duration microgravity environment 
 
Regarding the need for long‐duration microgravity, ground‐based facilities are not adequate to 
provide the necessary duration and quality of reduced gravity needed to observe the complete 
combustion  process  (hot  ignition,  high  temperature  combustion,  radiative  extinction,  low 
temperature combustion, and low temperature extinction).   The time scales are simply longer 
than  those  available  in  ground‐based  facilities.    G‐levels  needed  to  suppress  the  onset  of 
buoyant  convection  must  also  be  sufficiently  low,  which  can  be  provided  in  space‐based 
facilities, as noted in the SRD.  In FLEX experiments performed to date, cool flame burning has 
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only  been  observed  after  radiative  extinction  of  large  droplets.  Such  large  droplets  burn  for 
significant  times,  as  long  as  60  seconds,  and  thus  require  long  observation  times  under 
microgravity conditions justifying the need for ISS experiments. 
 

3. Review the science requirements, assess their maturity and prioritize them with respect to 
their impact on the experiment objectives 
 
The science requirements include those related to the experiment itself and to the diagnostics 
applied to the experiment.  As much of the experiment is a carryover from the FLEX program 
and previous NASA programs, the experimental requirements are mature and well developed.   

Seven different test fuels (and combinations of these fuels) are proposed and a prioritized list 
presented.    The  list  includes  straight  and  branched  alkanes with  highest  priority  given  to  n‐
dodecane studies and lowest priority given to primary reference fuels (PRF’s).     Other fuels of 
interest also include a renewable/bioderived fuel and a jet fuel surrogate.   
 
The panel agrees with the choice of n‐dodecane as the base fuel as it is a good comparison with 
previous n‐heptane  results  to  establish  the effects of  chain  length on  ignition properties. The 
second  fuel  listed,  2,6,10  trimethyldodecane  (TMD)  offers  an  opportunity  to  compare  a 
branched  fuel  that  has  nearly  the  same  cetane  number  as  n‐heptane.    The  mixtures  of  n‐
dodecane (CN78) and 2,6,10 TMD (CN59) and of n‐dodecane and 2,2,4,6,6 pentamethylheptane 
(CN23) offer the ability to change the amount of cool flame behavior in the system. The panel 
finds  these mixtures  to have  the highest priority. The other  fuels  listed  in  the SRD should be 
further  evaluated  based  on  resource  availability  (number  of  fuel  cartridges,  availability  of 
ambient gas mixtures, etc.) and engineering considerations.   
 

4. Evaluate and confirm that microgravity flight experiment conceptual design, including 
proposed facility modifications, demonstrates a credible and necessary plan to meet the 
experiment objectives and science requirements 
 

Regarding  the  hardware,  this  is  a  reflight  of  existing  hardware  with  minimal  modifications 
proposed.      Proposed modifications  include  a  reduction  in  the  diameter  of  the  fiber  used  for 
stabilizing the droplets (from 80 μm to 40 μm) in order to minimize droplet oscillation during 
hot‐to‐cold flame transition and the adverse affects of conduction heat  loss along the fiber.    If 
possible,  ground‐based  tests  should  be  performed  with  the  smaller  fibers  (at  least  for  hot 
combustion  studies)  to  verify  their  effectiveness  and  ensure  the  structural  integrity  of  these 
small fibers.  One recognized challenge involves the identification and deployment of a new, low 
light  level  camera  capable  of  imaging  the weak  spectral  emission  from  excited  formaldehyde 
(CH2O*).  This is important as CH2O* is a marker for cool flames.  CH2O* emission is particularly 
weak  and  attention must  be  given  to  ensure  that  the  camera  sensitivity  and  associated  gain 
settings are adequate to image these flames.  Ground‐based tests should be performed prior to 
deployment in space to optimize the camera settings for cool flame imaging under microgravity 
conditions.  One concern involves the available budget for the program, which does not include 



funds for any ground-based microgravity testing prior to flight. Without some level of testing, 
there is considerable risk that the camera may not perform as desired, thus limiting the 
scientific quality of the data and overall success of the experiment (noting that the measure of 
the cool flame diameter from the low light level camera is a reasonable requirement for 
minimal success). Since the intensified camera measurements are the only means for observing 
the cool flames, the inclusion of an intensified camera that can observe very low light level cool 
flames is necessary for minimal success. As noted, ground based experiments should be 
pursued in advance to minimize the risk. 

5. Confirm the adequacy of the test matrix and mission success criteria 

The panel finds the test matrix to have scientific justification and the mission success criteria 
adequate. As mentioned above, to mitigate risks associated with meeting the minimal success 
for imaging CHzO* from the cool flames, some ground based testing should be performed. 

6. Assess adequacy ofthe proposed data and model deliverables 

The panel finds that the proposed data and model deliverables are adequate and wil l provide 
valuable data for the combustion community. The panel also expects the data to be useful for 
many years, as the fuel mixtures chosen involve both traditional fuels and some relatively new 
fuels. The results from these experiments will have important practical outcomes relevant for 
real systems. In addition, detailed kinetic models for the fuel chemistry for the fuels is now 
being developed concurrently or planned for the near future. It is fully expected that the data 
wil l be valuable to many research groups internationally for many years. In future studies, it is 
also recommended that gas species measurements of the product gases should be considered 
provided the facility is upgraded with appropriate gas chromatography. 

Respectively submitted 

Science Review Panel Members \ 

Chariie Westbrook, Chair. 

Howard Pearlman 

Richard Yetter 

4 



 

  1

Cool Flames – Perspectives on their Importance in Combustion Systems  
 

Overview:  Cool flames are a very unique chemical phenomenon that can occur when many 
hydrocarbons and related fuels are heated in the presence of air.  Cool flames are especially 
unique in that their chemical reaction rate first increases and then decreases with increasing  
temperature; this is somewhat counterintuitive and means that these flames get weaker (their 
heat release decreases), rather than stronger, as temperature increases over a range of 
temperatures, typically ~700-850K (dependent on the nature of the fuel and local conditions, 
i.e., pressure).  As the temperature increases further, however, these relatively ‘weak’ flames 
eventually transition to hot ignition!  In effect, cool flames are a precursor to hot ignition. 
Similarly, if a high temperature flame extinguishes, as the fuel-air mixture cools, it is possible for 
cool flames to occur and for the mixture to reignite! This has not been observed in terrestrial 
studies; it was observed for the first time in the NASA CFI (Cool Flame Investigation) and has 
obvious fire safety implications.  The name ‘cool flames’ refers to the fact that the heat released 
from these chemical reactions is relatively small.  As a result, cool flame product temperatures 
are relatively low and do not produce large amounts of radical chemical species and ionized 
species that are responsible for the familiar bright light seen in conventional flames.  That is why 
cool flames are difficult to observe experimentally. 

Historically, cool flames were observed in the laboratory for many years yet gained widespread 
interest when it was recognized that cool flames can lead to knock in spark-ignition (SI) engines.  
As the piston motion in the cylinder and flame propagation compress the fuel-air mixture in an 
SI engine, unburned fuel-air mixture temperatures increase and cool flames can spontaneously 
occur, causing the remaining unburned fuel-air to ignite prematurely, leading to uncontrolled 
combustion in the cylinder, i.e., “knock”, which can damage the engine and limit engine 
efficiency.  As a result, higher Octane Number fuels have been developed, where the Octane 
Number (ON) of a fuel (e.g., 87) refers to its ability to resist cool flames and engine knock.  In 
diesel, compression ignition (CI) engines, cool flames are also responsible for variations in 
Cetane Number (CN), which is a measure of how long it takes for the fuel to begin to ignite in a 
compression engine.  Generally speaking, fuels with considerable amounts of cool flame 
behavior are easier to ignite than fuels with negligible cool flame behavior.   In addition to 
engine applications, including advanced engine development such as Homogeneous Charge 
Compression Ignition Engines (HCCI), the low temperature heat release from cool flames has 
recently received attention for application to diesel fuel reforming1 and fuel reforming for fuel cell 
applications2 (Naidja et al., 2003). 

Types of Reactor Studies 

Continuously Stirred Tank Reactors:  Historically, cool flames have been studied in two types of 
idealized laboratory experiments.  The first reaction class consists of  continuously stirred tank 
                                                            
1 L. Hartmann, K. Lucka and H. Köhne, “Mixture preparation by cool flames for diesel-reforming 
technologies,” J. Power Sources Volume 118, Issues 1–2, 2003 
2 Naidja, A., Krishna, C., Butcher, T., Mahajan, D. (2003) "Cool flame partial oxidation and its role in 
combustion and reforming of fuels for fuel cell systems," Progress in Energy and Combustion Science  29  
155-191. 
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reactors (CSTR’s) where the reaction temperature is held constant within the cool flame region, 
with heat produced during the cool flames being removed from the reactor via heat transfer to 
the reactor walls to avoid more violent, rapid ignition characteristic of higher temperatures (i.e., 
1000K and higher).  In such experiments,  fresh, unburned fuel/oxidizer mixtures flow 
continuously into the reactor and products flow out of the reactor.  The temperature within the 
reactor is held fixed by operating the experiment in an external oven that can heat or cool the 
reactor via heat transfer.  The use of dilute fuel/oxidizer mixtures is also a common practice to 
maintain a uniform reaction temperature.   The overall rate of reaction in this type of reactor 
varies as the fixed reactor temperature is changed; a typical plot showing the intensity of the 
reaction as indicated by the amount of fuel consumed vs. temperature is shown in Figure 1, 
where the fuel is n-heptane. 

 

Figure 1:  Reactivity of a dilute n-heptane/oxygen mixture over a range of reaction temperatures in 
a stirred reactor experiment at 13.5 bar pressure.  Reactivity is defined as the fraction of fuel 
consumed in this reactor when the residence time in the stirred reactor is 0.02 seconds. 

As shown, the reactivity of this fuel has a local maximum at about 700K and then a second, 
larger rate of reaction when the temperature reaches or exceeds 1000K.  While this is a rather 
“academic” experiment, as most practical experiments and engines are not operated at constant 
reactor temperature, it does illustrate the point that cool flames occur at low temperature, for this 
fuel at about 600K, reach a maximum at about 700K, and then disappear as the temperature 
reaches about 800K prior to the onset of hot ignition at higher temperatures. 

Strictly speaking, cool flames are a result of a very particular family of exothermic reactions that 
occur in hydrocarbon fuels over a limited range of operating conditions.  The decrease in rate of 
reaction and heat release with increasing temperature (here towards the 800K cool flame 
extinction temperature) is counterintuitive.  These flames weaken as temperatures increase and 
has led to the term “negative temperature coefficient” (NTC) of the overall reaction over this 
range of temperatures.   The intensity of cool flames generally increases with increasing 
pressures and fuel/oxidizer ratio. 
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Rapid Compression Machines and Shock Tubes:  The second family of common laboratory cool 
flame experiments are non-isothermal studies performed in rapid compression machines 
(RCMs) and low temperature shock tube experiments where the reactive mixture is initially 
compressed rapidly to temperatures and pressures representative of engine conditions where 
cool flames occur.  After an initial ignition delay period of time, the cool flame occurs, heating 
the fuel/oxidizer mixture to the point where increasing temperature quenches the cool flame 
reaction; this is also referred to as ‘self-arresting’ as the heat release and associated 
temperature rise from the reaction essentially quenches it. After an often extended second 
ignition delay period, however, another rapid reaction can occur and transition to full ignition that 
occurs at high temperatures with complete fuel consumption.  This scenario in which cool 
flames transition to hot ignitions is called “two-stage” ignition.  In this case, heat release during 
the cool flame advances the time of final ignition, relative to the ignition delay of fuels that 
exhibit little or no cool flame reaction.  In this important sense, the cool flame “sensitizes” the 
fuel/oxidizer mixture by increasing the temperature of the reactive mixture while only consuming 
a small fraction of the fuel at the lower temperatures.  

Figure 2 shows a representative two-stage ignition process for a high pressure (13.5 bar) 
mixture of n-heptane in air, where the temperature of the mixture relative to its initial value of 
750K is plotted as a function of time.  At first, the mixture reacts very slowly with negligible 
temperature increase; after a time delay of about 1.0 ms, the first stage ignition (i.e., the cool 
flame)  rapidly raises the gas temperature to about 900K, which represents the end of the cool 
flame range at this pressure, as shown in Fig. 1.  Following  the cool flame, the overall rate of 
reaction again is very slow, rising gradually until the temperature reaches about 1000K, where 
the rate of reaction rapidly increases again, and all of the remaining fuel is burned as the flame 
rapidly ignites.  In this case, the total ignition delay time is about 2.3 seconds. 

  

Figure 2.  Temperature vs. time for n-heptane/air at 13.5 pressure 
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There are many intricate interactions made possible by varying the initial temperatures in RCM 
or low temperature shock tube experiments within the cool flame range shown in Fig. 1.  If the 
compressed gas temperature is at the lower end of the cool flame interval, then substantial 
reaction and heat release can occur before the temperature reaches the high end of the cool 
flame temperature range where the cool flame extinguishes.  In contrast, if the initial 
compressed gas temperature is at the high end of the cool flame interval (e.g., 850K), little cool 
flame heat release occurs before it extinguishes.  Regardless of the amount of cool flame heat 
release, once the temperature has reached the high end of the cool flame range, subsequent 
slow reaction occurs until the temperature reaches a hot ignition temperature of about 1000K.  

The same sequence of reactivity that is seen in RCM and low temperature shock tube 
experiments occurs in both SI and CI engines, where the reactive fuel/oxidizer mixtures are 
inducted into the engine combustion chamber at relatively low temperatures and pressures with 
minimal initial reactivity.  Piston motion and flame propagation in SI engines  then compress the 
fuel/air mixtures in these engines, adiabatically heating the unburned fuel/air mixture until it 
reaches about 600K, where cool flame reactions can begin.   Depending on the fuel structure, 
different fuels then experience different amounts of cool flame oxidation.  Some fuels have little 
or no cool flame reactivity and continue to be heated relatively slowly by adiabatic compression, 
eventually igniting when the temperature reaches the hot ignition temperature of about 1000K.  
In contrast, fuels that have substantial cool flame reactivity produce early heat release, and this 
additional low temperature heat release leads to earlier ignition and combustion in the engine.  
In SI engines, premature ignition of unburned fuel and air produces engine knock, as noted 
above, while earlier ignition in Diesel engines is a generally desirable feature.  Tendency to 
knock in SI engines is expressed by its Octane Number (ON), where a high ON indicates better 
knock resistance with low amounts of cool flame reactivity.  In a Diesel engine, the ignition delay 
time is indicated by the Cetane Number (CN), where a high CN indicates a fuel with a short 
ignition delay period and large amounts of cool flame reactivity.   In fuel safety studies, fuels 
with more cool flame behavior ignite more easily than fuels with less such reactivity and are 
therefore more likely to ignite and burn in accident scenarios. 

Representative experimental measurements and computed ignition delay times for a variety of 
fuels is shown in Figure 3.  In this plot, the y-axis is time and the x-axis is inverse temperature, 
such that lower temperatures are towards the right side of the x-axis.  The n-heptane and n-
decane have very low ON values (noting that n-heptane is the zero-point of the octane scale 
and the ON for n-decane is less than zero) and high CN values (56 and 76, respectively); as 
such, they both have substantial cool flame behavior.  In contrast, iso-octane has an ON = 100 
and CN = 12 and is used as a reference standard to benchmark the tendency of fuels to resist 
cool flame behavior.  Iso-cetane, also named heptamethyl nonane (HMN) has a very low CN = 
15 and similar to iso-octane has very little cool flame behavior.  These trends can be explained 
in terms of the dependence of cool flame behavior on the molecular structure of the fuel 
molecules.  As shown in Fig. 3, the high temperature ignition rates of all four fuels are virtually 
identical at temperatures above 1000K initial temperature, and the considerable differences 
between the ignition delay times and ON and CN ratings of these fuels are all due to kinetic 
factors at temperatures below 900K, where the relative propensity of these fuels to produce cool 
flames are dramatically different. 
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Figure 3.  Variations in ignition delay times for n-heptane, n-decane, iso-octane, and iso-cetane.  
All results are at 13.5 bar pressure and for stoichiometric ratios of fuel/O2. 

 

Effects of Fuel Structure on Low Temperature Cool Flame Reactivity:  As shown in Figure 3, the 
fuel structure significantly affects the amount of low temperature or cool flame reactivity.  This 
has been understood empirically since the aerial combat days of World War I, in which airplanes 
with SI engines with low ON fuels performed poorly because they could not be operated at high 
compression ratios; high engine compression ratios produce greater engine performance and 
efficiency but also lead to engine knock with lower ON fuels.  Fuel research beginning in the 
1920s established relative knocking behavior of many types of hydrocarbon fuels and a 
phenomenological understanding of how fuel structure is related to ON values.  In addition, the 
same research efforts discovered many fuel additives with significant anti-knock capabilities, 
including tetra-ethyl lead (TEL) and others.  However, the fundamental chemistry of engine 
knock, cool flame behavior, and ON and CN values has been established only in the past 25 
years due to the use of computer simulations of complex cool flame chemical kinetics, but many 
details still remain uncertain.  It is however understood that long-chain, saturated hydrocarbon 
fuels, especially the n-alkanes from n-heptane to n–hexadecane (illustrated in Figure 4), exhibit 
the greatest amounts of cool flame reactivity, which correlates well with the high CN values and 
low ON values of these fuels.   
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Figure 4.  Structures of high CN, low ON straight-chain n-alkane fuels: n-heptane and n-
hexadecane. 

In contrast, branched alkane fuels with large amounts of side methyl groups such as iso-octane, 
2,2,4,4,6,8,8-heptamethyl nonane (HMN), and 2,2,4,6,6-pentamethyl heptane, shown in Figure 
5, have very little low temperature or cool flame reactivity and therefore have high ON and low 
CN values.   

 

 

Figure 5.  Structures of highly methyl branched iso-alkane fuels: iso-octane and iso-
cetane. 

  

Basic Hydrocarbon Oxidation Chemistry:  Hydrocarbon oxidation consists of the sequential 
conversion of the C and H atoms from the original fuel into the final products of CO2 and H2O.  
The fuel is essentially disassembled, one atom at a time, via a sequence of elementary 
chemical reactions.  The elementary chemical reactions that occur can be different as the 
combustion temperature and pressure change, but the ultimate products are carbon dioxide and 
water.  The difference in chemical potential energy between the fuel and products determines 
the total heat released by the combustion process, but the actual reaction pathways taken by 
the chemical reaction determines the overall rate of oxidation and can vary a great deal.  When 
combustion occurs in the cool flame temperature and pressure regimes, a unique family of 
reactions dominates the process of fuel oxidation and is responsible for the unusual properties 
of cool flames.   A knowledge of these cool flame reaction pathways is required to understand 
cool flame phenomena. 

The important fuel oxidation processes begin by removing the first H atom from the fuel species, 
most often by abstraction of an individual H atom by a radical species such as OH or H.  It is 
conventional to symbolize a fuel molecule by the formula RH (where R is the fuel radical) and a 
highly reactive radical species as X, so the first H atom abstraction (removal of a hydrogen atom 
from the fuel molecule) reaction can be written as: 



 

  7

   RH  +  X  =  HX  + R      (1) 

The subsequent fate of the fuel radical ‘R’ determines whether or not a cool flame is likely.  At 
high temperatures above 1000K, such as in conventional flames or explosions, the radical R 
decomposes to produce smaller hydrocarbon fragments that quickly react and form final 
products.  However, at relatively low cool flame temperatures, the radical R instead 
preferentially combines with molecular oxygen O2 to produce a larger radical species 

   R  +  O2   =   RO2      (2) 

RO2, called an “alkylperoxy” radical.  Without the RO2 radical species, cool flames are not 
possible, but even when RO2 is formed, there is a long and winding road to travel in order to 
complete a cool flame. 

Firstly, the R radicals are formed preferentially at sites in the fuel where the H atoms are most 
weakly bonded to the C atom skeleton of the fuel molecule.  There are multiple types of C–H 
bonds in common hydrocarbon fuels, with the “primary” C-H bonds being the strongest and thus 
most difficult to abstract (break off), “secondary” C-H bonds are rather easily abstracted since 
they are weaker C-H bonds, and very weak “tertiary” C-H bonds are the easiest to break.  In the 
n-alkanes shown in Fig. 4, all of the C-H bonds in the “backbone” of the molecule consist of 
rather weakly bonded secondary C-H bonds, except for the 3 C-H bonds at each end of the 
carbon chain being tightly held in primary bonds.  In the branched fuels shown in Fig. 5, there 
are much higher fractions of “difficult-to-break” primary C-H bonds.  This simple difference 
between the straight-chain n-alkane structure and heavily branched fuels with H atoms that are 
much more difficult to abstract plays the biggest single role in determining the different rates of 
cool flame chemistry and differences in resulting ON and CN values for these fuels. 

After formation of RO2 radicals, this radical then preferentially abstracts another H atom, but this 
time the abstraction is mainly from sites within the RO2 radical structure.  The key issue is the 
availability of H atoms within the radical that can easily be abstracted from nearby weak 
secondary and tertiary sites.  Lots of available H atoms bound at weak sites produce high rates 
of internal H atom transfers within the radical species, while few easily abstracted H atoms lead 
to slower rates of H atom transfer.  The products of this internal H atom transfer are called 
‘QOOH’ species. 

At this point, cool flames occur when the remaining available reactive site in the QOOH species 
is filled by addition of another, second molecular O2 species to make a larger radical O2QOOH, 
followed by its decomposition into multiple radical species, including highly reactive OH radicals.  
These multiple OH radicals then react with more fuel, and each cycle of the chain consists of: 
(1) abstraction from the fuel, (2) addition to produce RO2, (3) isomerization of RO2 to produce 
QOOH, (4) addition of another O2 to QOOH, and (5) decomposition of these O2QOOH species 
to produce more OH to continue and accelerate the overall rate of fuel consumption and heat 
release. 
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As noted above, the cool flame sequence of reactions starts by the addition reaction (2) of O2 to 
the fuel radical R, so interruption of the progress of reaction (2) will suppress the cool flame.  
This interruption is made when temperature increases to the point where the RO2 begins to 
decompose back into R and O2 and the bond energies between R and O2 are such that these 
bonds break at temperatures around 800 – 850K, which is why the cool flame regime ends at 
these same temperatures, as seen in Fig. 1.  The steady increase in decomposition rates of 
RO2 radicals as temperature increases over this temperature range is the simple explanation for 
the NTC behavior that is characteristic of cool flame behavior.   

Unique Opportunity to Study Cool Flames at Microgravity:  The CFI droplet combustion studies 
represent a unique opportunity to study fuel ignition and cool flame combustion under a novel 
set of conditions that have never been seen before.  In every class of experiment that has ever 
been used to study cool flames and NTC behavior, including internal combustion engines,  the 
reacting system enters the cool flame regime from lower temperatures, so the onset of the cool 
flame and its eventual quenching occurs as temperature increases.  The formation of a cool 
flame by reducing temperature from higher levels is completely unexpected and has never been 
studied before.  In the CFI experiments, the reacting system is cooling as the droplet flame is 
being quenched due to radiative cooling or fuel consumption, and the system enters the cool 
flame regime from higher temperatures.  The simplest question that should be addressed is 
whether cool flames resulting from higher temperature conditions behave the same way as cool 
flames coming from lower temperatures?  Many other practical and theoretical questions can 
also be addressed in the CFI experiments and may lead to completely new hydrocarbon 
oxidation phenomena. 




