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Role of integral scale in methane flames Hydrogen combustion and thermo-di↵usive instabilities

• Lot of e↵ort in achieving high u
0
, not as much for

integral scale `.

• Di↵erent Re number between DNS/experiments and

real devices mostly due to “SIZE” `Research highlight: turbulent premixed flames

• The majority of experiments and simulations (especially in combustion) are performed at Reynolds number below the 
mixing transition 

• In order to make general conclusions and extrapolate to real devices, it is important to approach asymptotic behaviors 
• Lack of data for Reynolds number dependence of flames 

Reynolds number e↵ects on turbulent jets

Reynolds number
107106105104103

Mixing in the far field of turbulent jets 305 

FIGURE 1. Planar laser-induced fluorescence photographs of the instantaneous conserved scalar 
concentration in the jet far field at increasing Reynolds numbers. The area shown extends 350 jet 
exit diameters downstream. Notice the presence of large regions within which the jet fluid 
concentration, as indicated by the grey shading, is approximately uniform. Notice also the presence 
of unmixed ambient fluid throughout the entire lateral extent of the flow in the self-similar far field. 
(a) Re = 1500, (b) Re = 5000, (c) Re = 20000. 
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High Reynolds asymptotics

Real devices

� The majority of experiments and simulations (especially in combustion) are performed at

Reynolds number below the mixing transition

� In order to make general conclusions and extrapolate to real devices, it is important to

approach asymptotic behaviors

� Lack of data for Reynolds number dependence of jets with heat release

The biggest difference between 
lab-scale experiments and real devices: 

SIZE

Systematic analysis of integral scale e↵ects on turbulent

flame speed and turbulence dynamics in flames

• Hydrogen important for decarbonization of energy

and heat production, energy storage and vector

• Challenging for many reasons

• High laminar flame speed

• Flashback and self-ignition

• Combustion (thermo-di↵usive) instabilities

Laminar unstable H2 flame

(Berger, Kleinheinz, Attili, Pitsch PCI 2019)

Investigation of thermo-di↵usive instability and

turbulence interaction
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Turbulent methane-air jet flames at increasing Re and constant KaTurbulent methane-air jet flames at increasing Re and constant KaTurbulent methane-air jet flames at increasing Re and constant KaTurbulent methane-air jet flames at increasing Re and constant KaTurbulent methane-air jet flames at increasing Re and constant KaTurbulent methane-air jet flames at increasing Re and constant Ka

• Configuration (Luca et al PCI 2019, Attili et al PCI 2021)

- Methane-air with � = 0.7
- Spatially evolving planar jet, fully developed channel inflow

- P = 4 atm

- Pilot with fully burnt product

• Methods and models (Attili et al CNF 2014)

- Low Mach, reactive, Navier-Stokes

- Skeletal mechanism with 16 species (Luca et al JPP 2017)

• Computational Cost (for the largest flame)

- 22 Billion grid points, 0.5 Trillion degrees of freedom

- 80 Millions CPU hours

- CRAY XC40 supercomputer in KAUST using up to 200K cores

R1 R2 R3 R4

Jet Re 2800 5600 11200 22400

Jet Ubulk 100 m/s 100 m/s 100 m/s 100 m/s

Slot width H 0.6 mm 1.2 mm 2.4 mm 4.8 mm

Grid points 88 Million 350 Million 2.8 Billion 22 Billion

Karlovitz number ⇡40 ⇡40 ⇡40 ⇡40

Goal: assess the e↵ect of the integral scale

(large integral scale usually not achieved in DNS)
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Scaling of turbulent flame speed and flame area

Flame parameters and visualizationDirect Numerical Simulation of turbulent flames at 
increasing Reynolds and constant Karlovitz number [1,2]

• A series of Direct Numerical Simulations (DNS) of turbulent methane jet flames 
• Reynolds number systematically varied from 2800 to 22440 by increasing the turbulent integral scale 

at constant Kolmogorov scale 
• Karlovitz number kept approximately constant  
• This scaling is achieved keeping the bulk velocity constant and increasing the jet width 
• The turbulence integral scale is increased systematically while the turbulence intensity is approximately constant 

• Methods and models 
• Low-Mach reactive Navier Stokes [3] 
• Finite rate chemistry, 16 species skeletal mechanism [4] 
• up to 22 Billion grid points, 0.5 Trillion degrees of freedom 
• Spatially evolving planar jet, fully developed channel inflow 

• The turbulent flame speed increases downstream and with the Reynolds number 
• The increase of turbulent flame speed cannot be completely attributed to the increase of the flame area 
• The ratio of the turbulent flame speed and flame area ( the “stretch factor”) increases with Re

Vorticity field and isoline of temperature in the inner reaction zone for four flame at increasing Reynolds number.  The length units are 
consistent in the four visualizations, highlighting that the increase of the Reynolds number is obtained with the increase of the jet size.

Re = 2800 Re = 5600 Re = 11200 Re = 22400

Flame R1

Flame R2

Flame R3

Flame R4Case name R1 R2 R3 R4
Jet width H (mm) 0.6 1.2 2.4 4.8
Reynolds number Re=H Ub /ν 2800 5600 11400 22400
Jet bulk velocity Ub (m/s) 100 100 100 100
Integral scale l (mm) 0.54 0.54 0.67 1.1
Kolmogorov scale η(μm)  18 23 25 25

Turbulence intensity u′/SL 14.2 10 9.8 11.6
Ratio integral scale/flame thickness l/δL 4.8 4.8 5.9 9.5
Karlovitz number Ka 39 23 21 21
Nx 720 1440 2880 5760
Ny 480 960 1920 3840
Nz 256 256 512 1024

Parameters of the DNS. The turbulence quantity are evaluated at 
the streamwise position corresponding to 60% of the flame length

Turbulent methane flames

Turbulent hydrogen flames

Temperature and heat release rate in 
a thermo-diffusively unstable laminar 

hydrogen flame [5] 

Heat release rate in a turbulent 
hydrogen flame 

Flame characterization: Regime DiagramFlame characterization: Regime DiagramFlame characterization: Regime DiagramFlame characterization: Regime DiagramFlame characterization: Regime DiagramFlame characterization: Regime Diagram
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Ka = 1

Sankaran et al.
PROCI 2007

Hawkes et al.
CNF 2012

• All the flame are in the thin-reaction zone regime

• Up to integral scale around 20 �L
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Figure 3. Probability density function of the temperature gradient, conditioned on T0 = 1000K
(preheat zone) and T0 = 1800K (flame surface), at two di�erent streamwise locations: (a)
x = 0.6Lf and (b) x = Lf . The inset in (b) shows the results conditioned on T0 = 1800K at
x = Lf on a linear scale.
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Figure 4. Probability density function of the gradient of the passive scalar Z, conditioned on
T0 = 1000K (preheat zone) and T0 = 1800K (flame surface), at x = 0.6Lf .

3.2. Gradient of temperature and passive scalar
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Isosurface of temperature in the inner 
reaction zone colored by the heat 

release in a turbulent hydrogen flame
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Figure 8. Dependence of the characteristic scales of the turbulent field with respect to the jet
Reynolds number Re: Kolmogorov scale �, integral scale Lt, ratio of the integral and Kolmogorov
scales Lt/�, and Reynolds number based on the Taylor scale Re�. Circles indicate results at
positions where the mean temperature is 1000K, while squares indicate positions where the
mean temperature is 1800K. The color of the symbols indicates the location in the streamline
direction, with lighter colors corresponding to position near the nozzle and darker colors to the
flame tip x/Lf = 1.

4.3. E�ect of combustion on the charateristic scales of turbulence
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turbulent non-premixed flames: Damköhler number e�ects and lagrangian statistics of soot
transport. In Proc. Summer Prog. Center for Turbulence Research, Stanford University ,
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DNS of turbulent premixed jet flames at increasing Re and constant KaDNS of turbulent premixed jet flames at increasing Re and constant KaDNS of turbulent premixed jet flames at increasing Re and constant KaDNS of turbulent premixed jet flames at increasing Re and constant KaDNS of turbulent premixed jet flames at increasing Re and constant KaDNS of turbulent premixed jet flames at increasing Re and constant Ka

• Methods and models

- Low Mach, reactive, Navier-Stokes

- Skeletal chemical mechanism based on GRI-3.0 with 16 species and

73 reactions (Luca et al J Prop Power 2017)

• Computational Cost (for the largest flame)

- 22 Billion grid points, 0.5 Trillion degrees of freedom

- 80 Millions CPU hours, 1 Million Euro

- CRAY XC40 supercomputer using up to 200K cores

• Configuration

- Spatially evolving planar jet, fully developed channel inflow

- P = 4 atm

Turbulent premixed flame 13
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R1-K1 R2-K1 R3-K1 R4-K1

Jet Reynolds Number 2800 5600 11200 22400

Jet Bulk Velocity, Ubulk 100 m/s 100 m/s 100 m/s 100 m/s

Slot width, H 0.6 mm 1.2 mm 2.4 mm 4.8 mm

Total number of points 88 Million 350 Million 2.8 Billion 22 Billion

Karlovitz number ⇡40 ⇡40 ⇡40 ⇡40

The goal is to assess the e↵ect of the integral scale (large integral scale usually not achieved in DNS)
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Borghi-Peters diagram

Reynolds dependency of the Kolmogorov scale η. 
η is approximately equal among the flame, especially 

near the inner reaction region
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• The turbulent flame speed increases downstream and with Re

• I0 is larger than 1
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• The turbulent flame speed increases downstream and with Re

• I0 is larger than 1
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Turbulent consumption speed Turbulent flame area “Stretch factor”

Flame thickeningFlame thickeningFlame thickeningFlame thickeningFlame thickeningFlame thickening

DNS of turbulent premixed jet flamesDNS of turbulent premixed jet flamesDNS of turbulent premixed jet flamesDNS of turbulent premixed jet flamesDNS of turbulent premixed jet flamesDNS of turbulent premixed jet flames

• Methods and models

- Low Mach, reactive, Navier-Stokes

- Skeletal chemical mechanism based on GRI-3.0 with 16

species and 73 reactions (Luca et al J Prop Power 2017)

• Computational Cost

- 1 – 80 Millions CPU hours

- 1M Euro for the largest run

- CRAY XC40 supercomputer “Shaheen” at KAUST using

up to 200K cores

• Configuration

- Spatially evolving planar jet

- Fully developed channel inflow

- P = 4 atm

R1-K1 R2-K1 R3-K1 R4-K1

Jet Reynolds Number 2800 5600 11200 22400

Jet Bulk Velocity, Ubulk 100 m/s 100 m/s 100 m/s 100 m/s

Slot width, H 0.6 mm 1.2 mm 2.4 mm 4.8 mm

Grid Size 720�480�256 1440�960�256 2880�1920�512 5770�3840�1024

Total number of points 88 Million 350 Million 2.8 Billion 22 Billion

Karlovitz number ⇡40 ⇡40 ⇡40 ⇡40

• The goal is to assess the e↵ect of the integral scale (large integral scale usually not achieved in DNS)
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• The lack of proportional between the 
turbulent flame speed and flame area is 
observed to depend on the thickening of 
the inner reaction zone  

• The thickening is observed to increase with 
the Reynolds number  

• The size of regions where thickening is 
observed is of the order of the integral 
scale

E↵ect of integral scaleE↵ect of integral scaleE↵ect of integral scaleE↵ect of integral scaleE↵ect of integral scaleE↵ect of integral scale
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• The turbulent flame speed and flame area

• For l/�L < 6: exponential increase

• For l/�L > 6: power law

• I0 =
ST

SL
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AT

grows as l
0.2

• Note: Ka is constant
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Scaling with the turbulence integral scale

• The turbulent flame speed and flame 
area 
• For l/δL < 6: exponential increase 
• For l/δL > 6: power law  

• I 
 grows as l0.2 

• A DNS of a hydrogen turbulent flame is compared with a thermo-diffusively 
unstable laminar hydrogen flame 

• The strong fluctuations of heat release rate observed in the unstable laminar flame 
are clearly observed also in the turbulent case 

• While the laminar and turbulent flame are characterized by the same unburnt 
mixture temperature and composition, the local peaks of heat release in the 
turbulent case are significantly higher compare to those in the laminar unstable case 

Thickening of the inner reaction zone
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Turbulent hydrogen-air jet flames with thermo-di↵usive instabilitiesTurbulent hydrogen-air jet flames with thermo-di↵usive instabilitiesTurbulent hydrogen-air jet flames with thermo-di↵usive instabilitiesTurbulent hydrogen-air jet flames with thermo-di↵usive instabilitiesTurbulent hydrogen-air jet flames with thermo-di↵usive instabilitiesTurbulent hydrogen-air jet flames with thermo-di↵usive instabilities

• Configuration (Berger, Attili, Pitsch CNF, in preparation)

- Hydrogen-air with � = 0.4
- Spatially evolving planar jet, fully developed channel inflow

- P = 1 atm

- Pilot with fully burnt product

• Methods and models

- Low Mach, reactive, Navier-Stokes

- 9 species hydrogen mechanism

• Computational Cost

- 1 Billion grid points

- 20 Millions CPU hours

- SuperMUC-NG supercomputer Leibniz-Rechenzentrum in Munich

H2 flame

Jet Re 11000

Jet Ubulk 24 m/s

Slot width H 8 mm

Grid points 1 Billion

Karlovitz number ⇡16

Goal: investigate coupling between

turbulence and thermo-di↵usive instabilities
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R
V ⇢ẎCH4

dv

⇢uYCH4,inAC

ST

SL

= I0
AT

AC

then

I0 =
ST

SL

AC

AT

=
⌦

⇤

SL

1

AT

where

⌦
⇤

= �

R
V ⇢ẎCH4
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The turbulent flame speed increases downstream and with Re

I0 is larger than 1 and increases downstream and with Re i.e., increases with integral scale
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Turbulent flame speedTurbulent flame speedTurbulent flame speedTurbulent flame speedTurbulent flame speedTurbulent flame speed

ST (x) = �

R
V ⇢ẎCH4

dv

⇢uYCH4,inAC

I0 =
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SL
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AT

=
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SL

⌦
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⌦
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V ⇢ẎCH4
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Two possible reasons for non-unity I0:

• variations of ẎCH4
with respect to 1D planar laminar flame

• variations reaction layer thickness with respect to 1D planar laminar flame
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If any, variations of ẎCH4
have a minor e↵ect in decreasing I0
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Research highlight: turbulent premixed flames
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Figure 4: Comparison of the integrated reaction rate �� (Eq. 4) ob-
tained from DNS data and using a flamelet model for the local reaction
rate.

ter introduced by turbulence is rather limited. The jpdf
decreases extremely fast moving away from the most
probable value at each progress variable. This is high-
lighted in the inset of the same figure, showing the pdf
of the methane reaction rate conditioned on c = 0.73,
where the peak reaction is located. Again, the pdf is
rather narrow with probability of deviation of ±20%
from the most probable value being less then 10% of
the maximum probability. The comparison with the
flamelet highlights that the highly probable values in the
DNS at each progress variable practically matches the
flamelet solution. This analysis suggests that the varia-
tion of the reaction rate ẎCH4

likely plays a minor role.
This is verified in Fig. 4, where the quantity ��, defined
in Eq. 4, is compared with the value that would be ob-
tained computing the integral in Eq. 4 with the flamelet
reaction rate (white dashed line in Fig. 3) in place of the
actual DNS value ẎCH4

. The comparison clearly shows
that the e�ect of turbulence on ẎCH4

has a negligible im-
pact on the computed total fuel consumption and there-
fore a negligible e�ect on the turbulent flame speed. For
instance, the value computed with the flamelet reaction
rate is slightly larger than that computed from the actual
DNS ẎCH4

; therefore, if any, the e�ects of turbulence on
the flame structure would induce I0 to drop below unity,
as it is usually observed in very high Karlovitz flames.

From this analysis, the value of I0 significantly larger
than one must be related to a thickening of the reaction
layer of the flame that is not systematically associated
with a decrease of the reaction rate. In order to quantify
this e�ect, we consider a region of the flow, e.g., one of
the boxes used for the flame speed shown in Fig. 1, and
compute the volume of the fluid included between the
flame surface, identified by c = c0 = 0.73, and another
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Figure 5: Volume� of the fluid between the flame isosurface c = 0.73
and the isosurface ck as function of ck , normalized by the area of the
isosurface c = 0.73. The results for the R2 (blue pentagons) and R4
(orange triangles) flame are compared with that in a laminar flame
(red dashed line). The scatter indicates the reaction rate of methane to
identify the reaction layer, while the solid black line is the reaction rate
in a laminar 1D flame, both normalized with the peak in the laminar
flame max{ẎLam

CH4
}. The inset shows the ratio between the R4 and R2

cases. The results are shown at the streamwise region 0.55 < x/lF <
0.65 identified by the box marked with 1 in Fig 1.

isosurface identified by a di�erent value of the progress
variable c = ck; then, this volume is normalized by the
area of the flame surface to obtain a global measure �
of the distance between the flame and the isosurface c =
ck. In particular, � =

�
V H(c0�c(x, t))H(c(x, t)�ck)dv

for ck < c0 and � =
�
V H(c(x, t) � c0)H(ck � c(x, t))dv

for ck > c0, whereH is the Heaviside function. The re-
sults of this procedure are shown in Fig. 5 for the flame
R2 and R4 considering value of ck smaller and larger
than the progress variable c = c0 that identifies the flame
surface. The same results is also shown for a 1D pla-
nar laminar flame, that is considered as the reference
characterized by the absence of thickening. The figure
shows that a significant thickening for the R2 and R4
cases with respect to the laminar flame is observed also
in the inner layer of the flame (0.5 < ck < 0.8), around
the peak of the reaction rate, in addition to the expected
strong thickening of the preheat region usually observed
in the range of Karlovitz numbers of these flames. Even
more interesting is the observation that the thickening
increases with Reynolds number. In particular, the in-
set shows that the ratio between the thickness of the R4
(Re=22400) and R2 (Re=5600) cases is, albeit not ex-
tremely large, significantly above one.

All the flames in the present study are characterized
by similar turbulence intensity u� � 10S L and simi-
lar Karlovitz number Ka = 20, so the only parameter
responsible for the Reynolds number variation across

6
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• As the Reynolds number (the integral scale) 
increases, the thickness of the inner flame region 
increases, even if the smallest scales of the flow 
are kept constant

• Consistent with recent experiments of Driscoll et 
al. Prog. Energ. Combust. Sci. 76 (2020)

* Attili et al., submitted to Proc Comb Symp 2020 

Normalized volume between the flame c = c0 = 0.73 and

the isosurface ck .

For ck < c0:

 (ck ) =
1

�LAT

Z

V
H(c0 � c(x, t))H(c(x, t) � ck )dv

(analogously for ck > c0)
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Figure 4: Comparison of the integrated reaction rate �� (Eq. 4) ob-
tained from DNS data and using a flamelet model for the local reaction
rate.

ter introduced by turbulence is rather limited. The jpdf
decreases extremely fast moving away from the most
probable value at each progress variable. This is high-
lighted in the inset of the same figure, showing the pdf
of the methane reaction rate conditioned on c = 0.73,
where the peak reaction is located. Again, the pdf is
rather narrow with probability of deviation of ±20%
from the most probable value being less then 10% of
the maximum probability. The comparison with the
flamelet highlights that the highly probable values in the
DNS at each progress variable practically matches the
flamelet solution. This analysis suggests that the varia-
tion of the reaction rate ẎCH4

likely plays a minor role.
This is verified in Fig. 4, where the quantity ��, defined
in Eq. 4, is compared with the value that would be ob-
tained computing the integral in Eq. 4 with the flamelet
reaction rate (white dashed line in Fig. 3) in place of the
actual DNS value ẎCH4

. The comparison clearly shows
that the e�ect of turbulence on ẎCH4

has a negligible im-
pact on the computed total fuel consumption and there-
fore a negligible e�ect on the turbulent flame speed. For
instance, the value computed with the flamelet reaction
rate is slightly larger than that computed from the actual
DNS ẎCH4

; therefore, if any, the e�ects of turbulence on
the flame structure would induce I0 to drop below unity,
as it is usually observed in very high Karlovitz flames.

From this analysis, the value of I0 significantly larger
than one must be related to a thickening of the reaction
layer of the flame that is not systematically associated
with a decrease of the reaction rate. In order to quantify
this e�ect, we consider a region of the flow, e.g., one of
the boxes used for the flame speed shown in Fig. 1, and
compute the volume of the fluid included between the
flame surface, identified by c = c0 = 0.73, and another
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Ẏ
C

H
4
/
m

a
x
{Ẏ
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Figure 5: Volume� of the fluid between the flame isosurface c = 0.73
and the isosurface ck as function of ck , normalized by the area of the
isosurface c = 0.73. The results for the R2 (blue pentagons) and R4
(orange triangles) flame are compared with that in a laminar flame
(red dashed line). The scatter indicates the reaction rate of methane to
identify the reaction layer, while the solid black line is the reaction rate
in a laminar 1D flame, both normalized with the peak in the laminar
flame max{ẎLam

CH4
}. The inset shows the ratio between the R4 and R2

cases. The results are shown at the streamwise region 0.55 < x/lF <
0.65 identified by the box marked with 1 in Fig 1.

isosurface identified by a di�erent value of the progress
variable c = ck; then, this volume is normalized by the
area of the flame surface to obtain a global measure �
of the distance between the flame and the isosurface c =
ck. In particular, � =

�
V H(c0�c(x, t))H(c(x, t)�ck)dv

for ck < c0 and � =
�
V H(c(x, t) � c0)H(ck � c(x, t))dv

for ck > c0, whereH is the Heaviside function. The re-
sults of this procedure are shown in Fig. 5 for the flame
R2 and R4 considering value of ck smaller and larger
than the progress variable c = c0 that identifies the flame
surface. The same results is also shown for a 1D pla-
nar laminar flame, that is considered as the reference
characterized by the absence of thickening. The figure
shows that a significant thickening for the R2 and R4
cases with respect to the laminar flame is observed also
in the inner layer of the flame (0.5 < ck < 0.8), around
the peak of the reaction rate, in addition to the expected
strong thickening of the preheat region usually observed
in the range of Karlovitz numbers of these flames. Even
more interesting is the observation that the thickening
increases with Reynolds number. In particular, the in-
set shows that the ratio between the thickness of the R4
(Re=22400) and R2 (Re=5600) cases is, albeit not ex-
tremely large, significantly above one.

All the flames in the present study are characterized
by similar turbulence intensity u� � 10S L and simi-
lar Karlovitz number Ka = 20, so the only parameter
responsible for the Reynolds number variation across
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• As the Reynolds number (the integral scale) 
increases, the thickness of the inner flame region 
increases, even if the smallest scales of the flow 
are kept constant

• Consistent with recent experiments of Driscoll et 
al. Prog. Energ. Combust. Sci. 76 (2020)

* Attili et al., submitted to Proc Comb Symp 2020 
The thickness of the reaction layer is larger compared to the laminar flame and increases with the Reynolds number

8/14 Antonio Attili — School of Engineering, University of Edinburgh — antonio.attili@ed.ac.uk

mailto:antonio.attili@ed.ac.uk


E↵ect of integral scaleE↵ect of integral scaleE↵ect of integral scaleE↵ect of integral scaleE↵ect of integral scaleE↵ect of integral scale

1

2

4

8

16

1 2 4 8 16

l
1

l
0.8

e
0.71l

e
0.65l

l
0.2

1

2

4

8

16

1 2 4 8 16

l
1

l
0.8

e
0.71l

e
0.65l

l
0.2

1

2

4

8

16

1 2 4 8 16

l
1

l
0.8

e
0.71l

e
0.65l

l
0.2

S
T
/
S

L
,
A

T
/
A

C
,
I
0

l/�L

ST/SL

R1

R2

R3

R4

S
T
/
S

L
,
A

T
/
A

C
,
I
0

l/�L

AT/AC

S
T
/
S

L
,
A

T
/
A

C
,
I
0

l/�L

I0

• The turbulent flame speed and flame area

• For `/�L < 6: exponential increase

• For `/�L > 6: power law

• I0 =
ST

SL

AC

AT

grows as `0.2
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Evolution of turbulence scales across the flame brushEvolution of turbulence scales across the flame brushEvolution of turbulence scales across the flame brushEvolution of turbulence scales across the flame brushEvolution of turbulence scales across the flame brushEvolution of turbulence scales across the flame brush
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For increasing Re, heat release is less e↵ective on small scales and more e↵ective on large scales
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The turbulent flame speed is remarkably high in the H2 flame

Turbulent flame area plays a relatively small role

I0 is extremely high in the H2 flame (note Ka = 16 in the H2 flame)
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Flame visualization and reaction ratesFlame visualization and reaction ratesFlame visualization and reaction ratesFlame visualization and reaction ratesFlame visualization and reaction ratesFlame visualization and reaction rates
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Reaction rates in the hydrogen flameReaction rates in the hydrogen flameReaction rates in the hydrogen flameReaction rates in the hydrogen flameReaction rates in the hydrogen flameReaction rates in the hydrogen flame

3D turbulent methane flame
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Similar structures in 3D turbulent and 2D laminar hydrogen flames.

Reaction rate enhancement in turbulent H2 flame is larger than in H2 laminar flame.

Synergistic e↵ect of turbulence and thermo-di↵usive instabilities.

13/14 Antonio Attili — School of Engineering, University of Edinburgh — antonio.attili@ed.ac.uk

mailto:antonio.attili@ed.ac.uk


ConclusionsConclusionsConclusionsConclusionsConclusionsConclusions

Methane flames:

I Flame surface and turbulent flame speed show power law scaling with integral scale at

large Re after exponential growth

I Lack of proportionality between flame area and turbulent flame speed is due to reaction

layer thickening

I I0 increases for increasing Re at constant Ka (increasing integral scale)

I E↵ect of heat release on turbulence across the brush has more and more e↵ect on large

scale for increasing Re

Hydrogen flame:

I Very high I0 due to thermo-di↵usive instabilities strongly enhances turbulent flame speed

I Synergistic e↵ect of turbulence and thermo-di↵usive instabilities

Data are available, contact: antonio.attili@ed.ac.uk

Research highlight: turbulent premixed flames
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Figure 4: Comparison of the integrated reaction rate �� (Eq. 4) ob-
tained from DNS data and using a flamelet model for the local reaction
rate.

ter introduced by turbulence is rather limited. The jpdf
decreases extremely fast moving away from the most
probable value at each progress variable. This is high-
lighted in the inset of the same figure, showing the pdf
of the methane reaction rate conditioned on c = 0.73,
where the peak reaction is located. Again, the pdf is
rather narrow with probability of deviation of ±20%
from the most probable value being less then 10% of
the maximum probability. The comparison with the
flamelet highlights that the highly probable values in the
DNS at each progress variable practically matches the
flamelet solution. This analysis suggests that the varia-
tion of the reaction rate ẎCH4

likely plays a minor role.
This is verified in Fig. 4, where the quantity ��, defined
in Eq. 4, is compared with the value that would be ob-
tained computing the integral in Eq. 4 with the flamelet
reaction rate (white dashed line in Fig. 3) in place of the
actual DNS value ẎCH4

. The comparison clearly shows
that the e�ect of turbulence on ẎCH4

has a negligible im-
pact on the computed total fuel consumption and there-
fore a negligible e�ect on the turbulent flame speed. For
instance, the value computed with the flamelet reaction
rate is slightly larger than that computed from the actual
DNS ẎCH4

; therefore, if any, the e�ects of turbulence on
the flame structure would induce I0 to drop below unity,
as it is usually observed in very high Karlovitz flames.

From this analysis, the value of I0 significantly larger
than one must be related to a thickening of the reaction
layer of the flame that is not systematically associated
with a decrease of the reaction rate. In order to quantify
this e�ect, we consider a region of the flow, e.g., one of
the boxes used for the flame speed shown in Fig. 1, and
compute the volume of the fluid included between the
flame surface, identified by c = c0 = 0.73, and another
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Figure 5: Volume� of the fluid between the flame isosurface c = 0.73
and the isosurface ck as function of ck , normalized by the area of the
isosurface c = 0.73. The results for the R2 (blue pentagons) and R4
(orange triangles) flame are compared with that in a laminar flame
(red dashed line). The scatter indicates the reaction rate of methane to
identify the reaction layer, while the solid black line is the reaction rate
in a laminar 1D flame, both normalized with the peak in the laminar
flame max{ẎLam

CH4
}. The inset shows the ratio between the R4 and R2

cases. The results are shown at the streamwise region 0.55 < x/lF <
0.65 identified by the box marked with 1 in Fig 1.

isosurface identified by a di�erent value of the progress
variable c = ck; then, this volume is normalized by the
area of the flame surface to obtain a global measure �
of the distance between the flame and the isosurface c =
ck. In particular, � =

�
V H(c0�c(x, t))H(c(x, t)�ck)dv

for ck < c0 and � =
�
V H(c(x, t) � c0)H(ck � c(x, t))dv

for ck > c0, whereH is the Heaviside function. The re-
sults of this procedure are shown in Fig. 5 for the flame
R2 and R4 considering value of ck smaller and larger
than the progress variable c = c0 that identifies the flame
surface. The same results is also shown for a 1D pla-
nar laminar flame, that is considered as the reference
characterized by the absence of thickening. The figure
shows that a significant thickening for the R2 and R4
cases with respect to the laminar flame is observed also
in the inner layer of the flame (0.5 < ck < 0.8), around
the peak of the reaction rate, in addition to the expected
strong thickening of the preheat region usually observed
in the range of Karlovitz numbers of these flames. Even
more interesting is the observation that the thickening
increases with Reynolds number. In particular, the in-
set shows that the ratio between the thickness of the R4
(Re=22400) and R2 (Re=5600) cases is, albeit not ex-
tremely large, significantly above one.

All the flames in the present study are characterized
by similar turbulence intensity u� � 10S L and simi-
lar Karlovitz number Ka = 20, so the only parameter
responsible for the Reynolds number variation across

6

Flame isosurface
(ck = 0.73)

Two isosurface
around the flame

Thickness of the region between the flame 
isosurface and another isosurface

Laminar 
flame

Low Reynolds 
Turb. flame

High Reynolds 
Turb. flame

Reaction rate

• As the Reynolds number (the integral scale) 
increases, the thickness of the inner flame region 
increases, even if the smallest scales of the flow 
are kept constant

• Consistent with recent experiments of Driscoll et 
al. Prog. Energ. Combust. Sci. 76 (2020)

* Attili et al., submitted to Proc Comb Symp 2020 
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