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• Cool flame is cool (600-900 K)
• No NOx and soot emissions



1. Dynamics and Regimes of Premixed Cool Flames

2. Dynamics and Regimes of Diffusion Cool Flames
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4.   Conclusion
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Thermo-kinetic models

R+ O2 = RO2  mechanism

Unified chain-reaction theory
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Pre-1930 Observation of premixed cool flames in

(flow tube, hot surface…) 1817 H. Davy

P-T ignition diagram (unstirred closed reactor)

Oscillatory cool flames

Cool flame chemistry

CH2O  formation

0D kinetic modeling

2D turbulent modeling

1D  knocking model

1D kinetic-Transport model

Extinction limits

Flammability limit diagram

Cool flames with high pressure fuel injection

Micro-gravity premixed cool flames (Pearlman et al.)

Micro-gravity  droplet diffusion cool flames (Williams et al.)

Plasma/O3 assisted stable diffusion cool flames
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Diffusion cool flames for fuel reactivity studies
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A puzzle on cool flame propagation at elevated temperature

Y. Ju et al., Proc. of Combust. Inst., 33, 2011
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Spark 
ignition

Spark assisted HCCI flame propagation:
(High pressure, elevated temperature) 

hot flame

Q

• Why is there a double flame 
structure with coupled 
hot/cool flames?

• How fast and how can a cool 
flame can propagate?

• What is the effect of pressure 
on cool flame burning limit?

Hot flame by a spark
1 atm, 300 K

1. Dynamics and Regimes of Premixed Cool Flames



How fast a cool flame propagate?
How lean/rich can it burn?

High temperature flames (1940s-201x)

w. cool flame
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Ju et al., Combustion and Flame, 2015.

Lean limit Rich  limit
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DME/O2 
1atm
530 K

Cool flame Lean limit Cool flame rich limit

Cool flame can burn much leaner and richer at hot flames at elevated temperature



How does pressure affect flame regimes and structure?
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• Pressure dramatically changes flammable region of lean cool 
flames, but not the rich cool flame

• The cool flame to hot flame transition limit is sensitive to pressure.

Y. Ju, Combustion and Flame, 2017

1. Why do we have three different 
flame regimes on lean side?

2. What is the cool flame structure 
on the rich side?

3. Do we still have a cool flame at 
high pressure?

3 Questions?



Different flame structures (2 atm)
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Effects of pressure and mixture dilution on cool flame 
speeds and burning limits
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• Lean and rich cool flame 
speed and temperature have 
distinctive pressure 
dependence due to the NTC 
effects.
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• Dilution and EGR enhance 
cool flames and suppress hot 
flames

Y. Ju, Combustion and Flame, 2017
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Recent experimental studies of cool flames
(w plasma & ozone sensitization)

Heated N2 @ 600 K

N2 @ 300 K

Stagnation

plane

DME+ O2 + O3 @ 300 K

N2 @ 600 K

Pressure

chamber
Micro-GC

Positioning stage

Ozone 

generator
O2 @ 300 K

Sun, W., Won, S.H. and Ju, Y., 

2014. Combustion and Flame, 161.
Won, S.H., et al., 2015, Proceedings 
of the Combustion Institute, 35.

Nano-sec plasma assisted cool flames Ozone assisted cool flames



Hot Flame to Cool Flame Transition: 3 flame regimes
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Premixed Flame Extinction transition 

from hot flame to cool flame

• Constant strain rates

• Reducing fuel concentration

Hot 
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2. Dynamics of Diffusional Cool Flames

• Existence of cool diffusion flames in counterflow
configuration with n-heptane
– cool flame regime exists regardless of addition of ozone
– Addition of ozone extends cool flame regime.
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(b) Hot diffusion flame

(a) Cool diffusion flame

Won, S.H., et al., 2015, Proceedings 
of the Combustion Institute, 35.



Self-Sustaining partially premixed Cool 

Flames

• Cool partially premixed flames: DME/O2/O3

17
Reuter et al., Proc. Combust. Inst. 2017

(a)

Hot partially premixed flame

Transition from cool flames to hot flames
• Start w/ partially premixed cool flame at a = 73 s-1, 

ϕ = 0.11, XF = 0.44

• Gradually add fuel to diffusion side up to XF ~ 0.48

• At a higher fuel concentration cool 
flame transfer to hot flames
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Eric Lin and Y. Ju et al., 2017

2. Dynamics of Regimes of Diffusion Cool Flames
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Effect of air temperature on diffusion cool flame burning limits
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The increase of air temperature dramatically affects the cool 
flame regimes and burning limits: 

• Cool flame shifts to higher stretch rate
• mild flame branch disappear on high stretch side.
• Radiation extinction limit disappear on low stretch side.



3. The role of cool flames in rating low temperature 

fuel reactivity and model validation
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contribution to diffusion flame extinction of large hydrocarbon fuels." Combustion and 

Flame 159.2 (2012): 541-551.
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Will a model, which captures low temperature ignition well, be able to predict 
extinction limits of cool flames? 

• The answer is no! we need to capture 
the low temperature heat release rate 
correctly.

• Cool flames can play an important 
role in model validation for heat 
release rate.

Reuter, C.B., Lee, M., Won, S.H. and Ju, Y., 2017. 
Combustion and Flame, 179, pp.23-32.
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PRINCETON
Mechanical 
and Aerospace 
Engineering

• Laminar Flame Speed

• Flame Extinction

Cool Flames as Mechanism 

Validation Experiments
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Validation in systems with chemistry-transport-heat release coupling: 

No validation of heat release rate at low temperatures!

“Experimental blind spot” – can be addressed in cool flame measurements 

• Shock tube
• RCM
• JSRT
• µ tube

Cool flames
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Conclusion

•Cool flames lead to many new flame regimes, dynamics, and insights 
in combustion research and engine development.

•Cool flames extend the burning limits and add new physics and 
time/length scales in combustion dynamics.

•Cool Flames provide a new platform in validation of low temperature 
chemistry.

•Experiments of high pressure/turbulent cool flames, and ignition 
assisted cool flames are interesting and challenging. 
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