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Background

• Overarching goal: Understand flame flashback in 
hydrogen-rich gas turbines 
➡ High pressure higher Reynolds number flow 

➡ Fuel stratification effects 

• Experimental program 
➡ Conduct high pressure experiments in UT 

swirler configuration 

➡ Simultaneous PIV/PLIF measurements to 
characterize flame/boundary layer interaction 

• Computational program 
➡ Develop models for predicting flashback in 

stratified flame configurations

Flame front

Wall



Target-based Flashback Modeling

• UT high-pressure swirl combustor• UT high-pressure swirl combustor
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Model	swirl	combustor

• Produce	stratified	flow	by	
selective	injection	through	
swirl	vanes

Inject	fuel	or	rich	mixture	
through	outer	holes



Summary of Results

• High pressure experimental data 
➡ 1-4 bar methane and methane/hydrogen experiments conducted 

➡ Focus on fuel stratification 

• Understanding model sensitivities 
➡ Low-Ma vs compressible flow modeling 

➡ Effect of stratification on flame structure 

➡ Numerical modeling of flame structure propagation 

➡ Open source LES tool for gas turbines



APS	Division	of	Fluid	Dynamics		
2014	

	High-Pressure	Combustion	Facility

• Test	stratification	effects	at	
elevated	pressure	
▪ Up	to	10	bar	

• Swirl	burner	
• Concentric	stratified	flame	
burner



	Acetone	PLIF	to	assess	stratification
•Acetone-CH4	mixture	injected	through	outer	holes	only	

• Signals	mapped	to	equivalence	ratio

Instantaneous	equivalence	ratio Mean

φφφ



	Effect	of	stratification	on	flashback
• Comparison	of	flashback	with	fully	premixed	and	stratified	
reactants

Fully	premixed Stratified



Summary of Results

• High pressure experimental data 
➡ 5 bar methane and methane/hydrogen experiments conducted 

➡ Focus on fuel stratification 

• Understanding model sensitivities 
➡ Low-Ma vs compressible flow modeling 

➡ Effect of stratification on flame structure 

➡ Numerical modeling of flame structure propagation 

➡ Open source LES tool for gas turbines



Flow Laminarization

• LES solvers based on low Mach 
number approximation 
➡ Necessary for accelerated 

calculations in low speed flows 

• Flame propagation affects upstream 
turbulence more significantly than 
experiments 
➡ Is there a finite propagation speed 

of pressure fluctuations? 

➡ Leads to laminarization of flow 
ahead of the flame 

• Are basic flow assumptions not valid 
in unsteady confined flame motions?



Effect of Compressibility on Transient Flows
• Flow governing equations solved in two different 

ways 
➡ Fully compressible formulation 

- No assumptions regarding compressibility

- Time step limited by speed of sound

➡ Low Mach number formulation 

- Assume pressure waves propagate at infinite speed

- Time step limited by local fluid velocity

‣ Ideal for slow but variable density flows

• Is low Ma assumption valid for transient flashback 
events? 
➡ Pressure gradients propagate at finite speed 

changing local flow structure

Time Evolution of Pressure 
Fluctuation Effect



Compressible vs Low Mach Number Solver
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Numerical procedure
Low Ma 

๏ 6th order central scheme for 
convection 

๏ 6th order central scheme for diffusion 

๏ BQUICK for scalar

Compressible 

๏ 5th order WENO scheme for 
convection 

๏ 6th order central scheme for diffusion 

๏ BQUICK for scalar

๏ LES with dynamic Smagorinsky model 

๏ Kolmogorov length scale ~ 0.25 mm 

๏ Laminar flame thickness ~ 0.175 mm  



Compressibility regime
๏ Ma << 1  

๏ Far away from 
compressible regime 

๏ With the compressible 
solver : 

•   

•  Two competing phenomena 
affect density : combustion 
and dynamic pressure 

• The effect of  combustion on 
density overwhelms the effect 
of  local compression 0
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Differences in Flame  Characteristics
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Low Mach
Compressible

I

I

I II

II

II

III

III III

๏ Phase I : Both solvers are very close 
during the onset phase.   
The depth stops increasing earlier for the 
compressible solver leading to a defect in 
flashback speed. 

๏ Phase II : The depth stabilized for the 
low Ma number solver but keeps on 
increasing for the compressible solver. 
Flashback speed recovers. Wrinkling is 
underestimated. 

๏ Phase III : The compressible depth is 
stable but the flashback speed keeps on 
increasing. Flame wrinkling is increasing.



Flame Front Flow Features

C O M P. L O W  M A
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Flame Front Statistics

C O M P. L O W  M A

F L O W  D I V E R S I O N



Conclusions #1

• Low Ma version predicts global characteristics 
➡ Differs significantly from compressible formulation 

➡ Introduces uncertainty in the results 

• Current plan 
➡ Test low-Ma and compressible solvers for a variety of flashback 

conditions; estimate differences 

➡ Ensure that low-Ma solver is reliable for the range of conditions 
tested 

- Else, develop compressibility-enhanced versions

‣ One approach is to introduce acoustics-based techniques



Effect of Stratification

• Strategy for flashback control 
➡ Introduce stratification 

➡ Leaner mixtures injected near walls 

• How does stratification affect flashback 
➡ Mixture no longer with constant 

equivalence ratio 

➡ Premixed combustion models cannot 
be used 

• For stratification in gas turbines 
➡ Is the flame structure altered?
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DNS of Flame in a Box

• DNS of homogeneous isotropic 
turbulence with uniform mean 
flow 
➡ Detailed chemical kinetics 

• Two cases 
➡ Large scale stratification 

- Inflow equivalence ratio varied 
from 2 to 0 over 3/4 residence 
time

➡ Small scale stratification 

- Equivalence ratio variations 
introduced as small-scale 
structures



Large-scale Stratification

• Flame structure a 
sequence of flamelets 

• Equivalence ratio is 
variation not sufficient 
to affect flame front

fraction, which is then fed to the inlet plane of the flame simulation. The scalar field is generated with in
a similar manner to Eswaran and Pope.7 The model spectrum is in Gaussian centered by a length scale
that contains the dominant energy, which is specified as h/12 in this study. This scalar field is directly
carried into the domain with the developed velocity fields. The scalar is rescaled such that the maximum
and minimum equivalence ratios are 0.25 and 1.75, respectively. Without reaction, the scalar evolves in the
domain as depicted in Fig. 3.

III. Results and discussion

A. Large scale stratification (LSS)

The LSS case involves large scale variation of the equivalence ratio. Due to the nature of the flow, these
variations do not cascade down to the small scales in the distance between the inlet and the flame, and retain
much of their large scale features. Figure 4 shows the evolution of the flame front with time. The domain
is initialized with an equivalence ratio of 2, which is progressively replaced by lower values as the inflow
conditions change with time. As the equivalence ratio seen by the flame initially moves towards stoichiometric
condition, the flame is seen to become thinner, with increased source terms and peak temperatures. Note
that resolution of the DNS is chosen such that the thinnest flame zone is adequately captured by the grid.

0.75ms 1.0ms 1.25ms 1.5ms 1.75ms

Figure 4. (Top) Temperature and (middle) � and (bottom) composition space plots at di↵erent times from
the initial condition. Several flamelet solutions for di↵erent �’s between 0.25 and 2 are plotted on top of the
composition space plots. Inflow � varies between 0ms and 1ms, from 2 to 0.

4 of 9

American Institute of Aeronautics and Astronautics

D
ow

nl
oa

de
d 

by
 U

N
IV

ER
SI

TY
 O

F 
M

IC
H

IG
A

N
 - 

A
N

N
 A

RB
O

R 
on

 S
ep

te
m

be
r 2

1,
 2

01
5 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I: 
10

.2
51

4/
6.

20
15

-0
42

6 

fraction, which is then fed to the inlet plane of the flame simulation. The scalar field is generated with in
a similar manner to Eswaran and Pope.7 The model spectrum is in Gaussian centered by a length scale
that contains the dominant energy, which is specified as h/12 in this study. This scalar field is directly
carried into the domain with the developed velocity fields. The scalar is rescaled such that the maximum
and minimum equivalence ratios are 0.25 and 1.75, respectively. Without reaction, the scalar evolves in the
domain as depicted in Fig. 3.

III. Results and discussion

A. Large scale stratification (LSS)

The LSS case involves large scale variation of the equivalence ratio. Due to the nature of the flow, these
variations do not cascade down to the small scales in the distance between the inlet and the flame, and retain
much of their large scale features. Figure 4 shows the evolution of the flame front with time. The domain
is initialized with an equivalence ratio of 2, which is progressively replaced by lower values as the inflow
conditions change with time. As the equivalence ratio seen by the flame initially moves towards stoichiometric
condition, the flame is seen to become thinner, with increased source terms and peak temperatures. Note
that resolution of the DNS is chosen such that the thinnest flame zone is adequately captured by the grid.

0.75ms 1.0ms 1.25ms 1.5ms 1.75ms

Figure 4. (Top) Temperature and (middle) � and (bottom) composition space plots at di↵erent times from
the initial condition. Several flamelet solutions for di↵erent �’s between 0.25 and 2 are plotted on top of the
composition space plots. Inflow � varies between 0ms and 1ms, from 2 to 0.
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Small-scale Stratification

• Scalars generated using model 
spectrum 

• Peak energy at 1/12 domain height 

• Statistically stationary case

k
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)
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Figure 2. Spectrum of HIT DNS for inflow velocity boundary condition generation.

numerical algorithm is energy conserving, lack of resolution should technically lead to energy pile-up at the
small scales, which was not observed here. The size of the box is h, which is identical to the y-z plane
size in the main flame simulation. The Kolmogorov lengthscale is roughly half of the grid size, indicating
that the grid resolution is four times coarser than the reacting DNS. A linear forcing is imposed4,5 until the
turbulence is in a statistically stationary state. The kinetic energy spectrum corresponding to this HIT is
given in Fig. 2. It is seen that in spite of the coarse mesh size, a small region of inertial range scaling is
found, followed by the steeper decay of energy associated with the dissipation scales. The inflow turbulent
field is stored in a file and read by the main DNS such that turbulent lengthscales are kept the same. It
includes an assumption that the bulk streamwise velocity does not alter the turbulent information. With
this approach, a DNS with a controlled flame location is equivalence to a stationary turbulence through
which a flame front evolves6 in space. For all the computations, the flame front is initialed as a thin sheet,
with a regularized jump condition applied over five grid points in the streamwise direction. This is close to
the real flame thickness under stoichiometric conditions. Initially, density and velocity conditions across the
flame front are carefully selected to ensure mass and momentum conservations.

Two di↵erent cases with stratification was studied, named large scale stratification (LSS) and small scale
stratification (SSS). For both these cases, the inflow turbulent field fed to the main flame simulation is
identical, but the di↵erence lies in the introduction of the scalar field. The objective of these studies is to
introduce equivalence ratio fluctuations such that the flame front experiences time-evolving fuel-to-air ratios.
In the case of the LSS, the fuel-air ratio is introduced as a uniform value in the inlet plane but changes in
time from an initial value of 2 to 0 over 1ms, which is roughly equivalent to 3/4 of a flow-through time.
In the SSS case, a spectrum of length scales is used to generate a three-dimensional scalar field of mixture

Figure 3. A decaying passive scalar field transported using a turbulent flow field in the streamwise direction.
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Figure 6. Instantaneous temperature, equivalence ratio, and streamwise velocity plotted at the center plane
in the spanwise direction.

presence of the small scale structures distinctly changes flame evolution. If the equivalence ratio falls below
the flammability limit, this will introduce flame holes that will propagate and mix with the burnt gases post
flame. If this mixing happens with higher than stoichiometric but burnt regions, a secondary flame zone
could be formed. Hence, such intense stratification is fundamentally di↵erent from the LSS case.

Figure 8 shows the composition space plot similar to that for the LSS. It is seen that the flame front now
spans a number of di↵erent flamelets, with the flame front found at a number of di↵erent equivalence ratios.
The composition plot itself does not describe the structure of the flame, which shows structures that are not
typically observed in premixed flames (Fig. 7). A more detailed analysis of the Lagrangian trajectories of
the fluid particles are being carried out now.

IV. Conclusions

Direct numerical simulation of flame front propagation in premixed flames was carried out, but with
the added complexity of fuel stratification. For hydrogen/air flames, flame evolution in a periodic box with
mean convective velocity was performed. A control algorithm to position the flame at a required streamwise
location is used. It was verified that the algorithm correctly positions the flame for a one-dimensional
laminar flame. The turbulent flame propagation was studied using two di↵erent inflow conditions for the

Figure 7. Isosurfaces of temperature (1000K) colored by the local streamwise velocity.

6 of 9

American Institute of Aeronautics and Astronautics

D
ow

nl
oa

de
d 

by
 U

N
IV

ER
SI

TY
 O

F 
M

IC
H

IG
A

N
 - 

A
N

N
 A

RB
O

R 
on

 S
ep

te
m

be
r 2

1,
 2

01
5 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I: 
10

.2
51

4/
6.

20
15

-0
42

6 

Figure 6. Instantaneous temperature, equivalence ratio, and streamwise velocity plotted at the center plane
in the spanwise direction.

presence of the small scale structures distinctly changes flame evolution. If the equivalence ratio falls below
the flammability limit, this will introduce flame holes that will propagate and mix with the burnt gases post
flame. If this mixing happens with higher than stoichiometric but burnt regions, a secondary flame zone
could be formed. Hence, such intense stratification is fundamentally di↵erent from the LSS case.

Figure 8 shows the composition space plot similar to that for the LSS. It is seen that the flame front now
spans a number of di↵erent flamelets, with the flame front found at a number of di↵erent equivalence ratios.
The composition plot itself does not describe the structure of the flame, which shows structures that are not
typically observed in premixed flames (Fig. 7). A more detailed analysis of the Lagrangian trajectories of
the fluid particles are being carried out now.

IV. Conclusions

Direct numerical simulation of flame front propagation in premixed flames was carried out, but with
the added complexity of fuel stratification. For hydrogen/air flames, flame evolution in a periodic box with
mean convective velocity was performed. A control algorithm to position the flame at a required streamwise
location is used. It was verified that the algorithm correctly positions the flame for a one-dimensional
laminar flame. The turbulent flame propagation was studied using two di↵erent inflow conditions for the

Figure 7. Isosurfaces of temperature (1000K) colored by the local streamwise velocity.
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Conclusions #2

• Small-scale stratified flame significantly different 
➡ Post-flame velocities are lower 

➡ Less flame wrinkling 

➡ Distributed heat release 

• Current plan 
➡ Complete DNS studies 

➡ Establish base line models for stratified mixtures 

- Choice between PDF-based approaches or flame-surface based 
approaches



Numerical Modeling of Flames
• LES is the accepted tool for modeling turbulent 

flames 

• LES has unique challenges 
➡ Strong interference of numerical method on 

solution 

➡ Grid convergence is all-but-impossible 

• How to mitigate numerical errors? 

• Current model development procedure 
➡ Relies exclusively on structured grids 

- Toy problems of very little relevance to industry

• Is there an effect of unsteadiness on model 
formulations?



Numerical Errors in LES

• LES resolves a range of turbulent length 
scales 
➡ A spectrum of wavenumbers 

• Numerical methods used to discretize 
partial differential equations 
➡ Assume smooth underlying flow field 

- Not correct for turbulent flow

- Introduces errors

➡ Numerical errors scale with wavenumber 

- Highest errors at filter scale

- Contaminates numerical solution

- Can lead to counterintuitive behavior



Flame Surface Models

• For premixed combustion at moderate Reynolds numbers 
➡ Flame surface models are reasonable 

➡ The motion of flame surface is treated using a single field 
variable 

- G (level-set) variable or progress variable

• Level set approach 
➡ Numerically better suited for predicting flame surface 

- However, encounters flame volume loss

➡ Difficult to transition to stratified combustion models 

• Approach used here: Progress variable description
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Original Flame, sL = 0.26 m/s
Artificial Thickening, sL = 0.258 m/s

Progress Variable Approach and Flashback

• Transport equation for C 

➡ Filtered; Leads to unclosed terms; Need 
modeling 

• Models for chemical source term 
➡ Require underlying flame structure 

• LES problem 
➡ Imposed flame structure is not 

maintained as simulation proceeds 

➡ Not a big issue for steady-state problems 

➡ Unsteady flashback accumulates these 
errors over time



Flame Thickness

• Model closures use two different 
terms 
➡ Imposed flame thickness (L) and 

source term 

➡ Product is proportional to 
consumption speed 

• Counter-intuitive LES behavior 
➡ Flame thickness is reduced with 

time 

- Leads to reduced burning rate

- Arrests flashback
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Structure-Preserving Reaction Model

• Treat progress variable discretely (in space and time) 

• Introduce time-dependent translation 

• We require the distribution of              to be independent of time 

• Introduces numerical flame structure 

• Guarantees constant local flame speed; Enables consistent flame 
thickening



Open Source Gas Turbine Software Platform

• Integral part of the flashback model project 

• Enable rapid dissemination of results 

• Prior collaboration with Siemens 

• Currently working with Oregon State, Iowa State, KAUST, UT 
Austin, and Princeton on enhancing capabilities 

• Progress in last year 
➡ All models implemented in OpenFOAM 

➡ Minimal kinetic energy dissipation enforced



Siemens DLR 3-jet Combustor

• Lean combustion with heat loss



Next Steps

• Develop structure-preserving reaction model 
➡ Implement and validate using UT swirler data and legacy data 

(Darmstadt) 

• Develop stratified combustion model with heat loss 
➡ Conduct DNS to evaluate flame structure 

➡ Identify model formulations 

• Fuel effects at high pressure 
➡ Identify the role of differential diffusion, and fuel composition on 

boundary-layer/flame interaction 

- Experiments and DNS data


