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Time Scale Model for the
Prediction of the Onset of Flame
Flashback Driven by Combustion
Induced Vortex Breakdown
Flame flashback driven by combustion induced vortex breakdown (CIVB) represents one
of the most severe reliability problems of modern gas turbines with swirl stabilized
combustors. Former experimental investigations of this topic with a 500 kW burner
delivered a model for the prediction of the CIVB occurrence for moderate to high mass
flow rates. This model is based on a time scale comparison. The characteristic time
scales were chosen following the idea that quenching at the flame tip is the dominating
effect preventing upstream flame propagation in the center of the vortex flow. Additional
numerical investigations showed that the relative position of the flame regarding the
recirculation zone influences the interaction of the flame and flow field. The recent analy-
sis on turbulence and chemical reaction of data acquired with high speed measurement
techniques applied during the CIVB driven flame propagation by the authors lead to the
extension of the prediction model. As the corrugated flame regimes at the flame tip
prevails at low to moderate mass flow rates, a more precise prediction in this range of
mass flow rates is achieved using a characteristic burnout time �b�1 /Sl for the reactive
volume. This paper presents first this new idea, confirms it then with numerical as well as
experimental data, and extends finally the former model to a prediction tool that can be
applied in the full mass flow range of swirl burners. �DOI: 10.1115/1.4000123�
Introduction
It has been shown in the past that the reliability of swirl stabi-

ized lean premixed gas turbine burners can be severely limited by
udden flame flashback, which leads to overheat and severe dam-
ge within a few seconds. In former studies �1,2� combustion
nduced vortex breakdown �CIVB� has been identified as one pos-
ible cause. This phenomenon is characterized by an upstream
ropagation of the flame on the burner axis against high axial flow
elocity with propagation speeds far beyond the turbulent flame
peed �3�. Especially burner systems without central bluff body
nd purely aerodynamic stabilization are prone to CIVB, but even
or burners with central obstacle flame propagation caused by
IVB can be observed �4�.
The rapid flame propagation in vortex tubes driven by flame

ortex interaction was the subject of different theoretical ap-
roaches �5–7�. Even though the sudden flame propagation caused
y CIVB and the rapid flame propagation in vortex tubes have
imilarities, the CIVB phenomenon could not be described with
hese former concepts. With the research of Putnam and Jensen
8� and the work of Abdel-Gayed et al. �9,10�, Kröner et al. �11�
eveloped a prediction model for the occurrence of CIVB driven
ame propagation.
After further investigations on the phenomenon with numerical

nsteady Reynolds averaged Navier-Stokes simulations �URANS�
12� and new measurement techniques �13� established a better
nderstanding of the dominating effects during CIVB driven
ame propagation, the authors were able to extend the prediction
odel of Kröner et al. �11�. In Sec. 2, this paper gives a short

verview of the former results, and in the following the model
xtension is presented. After that theoretical part, the burner ge-

Contributed by International Gas Turbine Institute �IGTI� of ASME for publica-
ion in the JOURNAL OF ENGINEERING FOR GAS TURBINES AND POWER. Manuscript re-
eived April 9, 2009; final manuscript received April 14, 2009; published online

anuary 27, 2010. Editor: Dilip R. Ballal.

ournal of Engineering for Gas Turbines and Power
Copyright © 20

aded 02 Jun 2010 to 171.66.16.96. Redistribution subject to ASME
ometry and the measurement techniques are shortly explained be-
fore the results of the new model obtained after its combination
with the former model are shown.

2 Theory
The theoretical model for the prediction of CIVB described in

this paper extends the former method of correlating CIVB limits
�11� and includes the findings of numerical investigations made in
parallel to the experimental investigations �12�. The physical un-
derstanding derived from both references is shortly summarized in
the following. Based on the classification of the local combustion
regime at the CIVB onset in the Borghi diagram �14�, a model
extension is then presented for the correlation of flashback limits.

2.1 Time Scale Modeling. In earlier studies, the CIVB phe-
nomenon was investigated with a 500 kW class burner �11�. Local
extinction was identified as the major effect by analyzing the tem-
poral behavior of the flame propagation caused by CIVB. As a
consequence, the occurrence of CIVB driven flame flashback was
successfully correlated with a chemical time scale describing local
quenching of the flame. Kröner defined a burner specific constant
Cquench

Cquench �
�c

�

�u
=

Le · �PSR · ū

D
�1�

with which the CIVB flashback limits could be predicted over a
wide range of operation. The application of Kröner’s model needs
some reference measurements of stability limits to define the spe-
cific constant. The prediction of flashback limits can then be real-
ized by calculating the corresponding time scales �11�. Kröner was
able to show that his model correlated the flashback limits mea-
sured for higher Re numbers very well. In this range, the effects of
air preheat and of fuel composition were well captured. However,
systematic deviations of the data from the model predictions were
also observed. With the model extension presented below the ob-

served limitations are overcome.
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2.2 Combustion Induced Vortex Breakdown. The signifi-
ance of chemistry-turbulence interaction for CIVB was analyzed
umerically by Kiesewetter et al. �12�. After successful mapping
f the flow on two dimensions, he used axisymmetric URANS to
ompute CIVB. In these computations the equivalence ratio was
radually increased until the flame propagated through the mixing
ube following the tip of a recirculation bubble �i.e., its stagnation
oint, see Fig. 1� appearing in the flame tube first. The vorticity
ransport equation �15� was used to analyze the interaction of the
ow field and the reaction neglecting the diffusion and dissipation

erms because of their minor importance, as suggested by Hase-
awa et al. �16�, as follows:

D�

Dt
=

�

�t
� + �U · ��� = �� · ��U − ��� · U� +

1

�2 ��� � �p�

�2�
hemical reaction leads to two contributions to the vorticity
udget—the volume expansion �second term on the rhs� and the
aroclinic torque �third term on the rhs�—which influence the
quilibrium of the axial flow Uaxial and the upstream flow uind
nduced by the azimuthal vorticity component � according to the
aw of Biot–Savart �17�

uind�x� =
1

2�
−�

� �
0

�
r�2��r�,x��

�r�2 + �x − x��2�3/2dr�dx� �3�

s this equation shows, only negative azimuthal vorticity � leads
o an upstream directed flow. The postprocessing of the URANS
ata finally delivered the root cause of CIVB: While the contribu-
ion of the volume expansion to the change in azimuthal vorticity
s positive and thus stabilizes the flow field, the negative contri-
ution of the baroclinic torque stimulates the upstream propaga-
ion of the flame. The competitive character of these two terms
xplains the importance of the relative position of the flame re-
arding the recirculation bubble found in the numerical studies:
he flame position must provide favorable conditions for the gen-
ration of high negative vorticity to induce the formation and the
ropagation of a closed recirculation bubble that serves as flame
older. In the stable range, the partial compensation of the nega-
ive vorticity by the volume expansion inhibits flame flashback.

2.3 Prediction Model Extension. Using time scale modeling,
röner showed that the onset of CIVB driven flame propagation

an be correlated with two characteristic time scales �u and �PSR.
he correlation law according to Eq. �1� is based on the experi-
nces collected with the burner investigated in Kröner’s studies,
perated with high volumetric flow �11� characteristic for gas tur-
ine burners. However, the underlying assumption that the closed
ecirculation bubble can be interpreted as a perfectly stirred reac-
or �PSR� is not always strictly valid in the entire operation field
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ig. 1 Instantaneous image of the propagating bubble and
ame: the reaction layer is only moderately corrugated †13‡
f a burner. In contrast to the idea of a perfectly stirred flame zone
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in the propagating bubble, Kiesewetter et al. �12� computed a
combustion regime with a well defined flame surface. Although
this finding is mainly due to the fairly simple combustion model
he applied and does not fully represent reality in the high velocity
regime, it was verified with experimental results obtained by the
authors �13� for a swirl burner with lower turbulent Re numbers
and lower mass flow rates as well as a larger vortex core than for
the design investigated by Kröner. Figure 1 shows an instanta-
neous image of a propagating flame for this new geometry. During
sudden upstream propagation the dynamic evolution of the flame
front was detected via laser induced fluorescence �LIF� and the
flow field with particle imaging velocimetry �PIV�. The flame is
following the upstream propagating recirculation bubble �the dot-
ted line illustrates the bubble contour in Fig. 1� with a substantial
spatial separation. The surface of the reaction zone inside the
bubble is only moderately corrugated. No evidence of massive
flame thickening in the bubble was found in these experiments
and thus the stirred reaction zone in the bubble postulated by
Kröner was not observed for the present operating conditions. In
Sec. 3 this study investigates this new burner �TD1 burner� oper-
ated at low flow rates in more detail to achieve a correlation law
for low turbulent Re numbers before a general correlation model
for the prediction of CIVB driven flame flashback is defined by
coupling the experiences made with both burners, which cover a
wide range of pressure drops and volumetric flow velocities.

To classify the reaction zone for the TD1 burner the local burn-
ing conditions inside the recirculation bubble were classified using
the Borghi diagram in its classical form �14�. Since the increase in
mass flow increases also the turbulent fluctuation �u��, the varia-
tion in mass flow generally represents a vertical shift inside the
Borghi diagram under the assumption of an almost constant Lt that
is mainly predominated by the geometry of the mixing tube �18�.
Changes in the air excess ratio � lead to changes in the laminar
flame speed Sl as well as the flame thickness �l and thus to a
diagonal shift in the Borghi diagram.

In the Borghi diagram shown in Fig. 2, the flame regime rep-
resentative for the combustion in the bubble is plotted for the TD1
burner as well as for the burner investigated by Kröner. The val-
ues of u� inside the recirculation bubble as well as the integral
length scale Lt inside the mixing tube were estimated with laser
optical measurement techniques. The flame thickness �l and lami-
nar flame speed Sl were quantified with correlations published in
the literature �see Refs. �19,20�, respectively�. In particular for
high mass flows, the burner geometry investigated by Kröner has
high local turbulence inside the recirculation bubble and the
stirred regime is well suitable to characterize the reaction-
turbulence interaction for this burner. However, the local interac-
tion of chemistry and flow inside the recirculation bubble is better
represented by the corrugated flame regimes for the TD1 burner
observed at the volumetric flow velocities covered in the study.
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Fig. 2 Burning regime in the core flow of the investigated
burners in the Borghi diagram
Because of the different burning regimes in the core flow, gener-
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lly applicable correlation laws have to take into account the ac-
ually present burning regime, which is substantially influenced by
he mass flow rate.

For the TD1 burner the authors previously published a simulta-
eous analysis of reaction and flow field during CIVB driven
ame propagation with high temporal resolution �3�. Figure 3
hows for two operation points the distribution of the measured
patial separation between the stagnation point of the recirculation
ubble and the flame tip. The data were taken from simultaneous
IV/LIF measurements during CIVB driven flame propagation.
he number of samples was limited due to the limited observation

ime �3�. Nevertheless, the limited database revealed clearly that
he median value for the spatial separation of the stagnation point
nd flame tip is about 0.25 D independent of the mass flow rate.
ince additional data for other thermal power confirmed this ob-
ervation, the conclusion was made that the critical spatial sepa-
ation 	xcrit for the onset of CIVB driven flame propagation re-
ains almost constant and independent of the volumetric flow

elocity. This experimental observation confirms the importance
f the spatial deviation of flame and bubble as explained before
ith the vorticity transport equation �Eq. �2��: Independent of the
ass flow rate the critical distance 	xcrit �Fig. 4� represents the

elative flame position regarding the bubble, which provides fa-
orable conditions for the production of high negative azimuthal
orticity � to induce sudden upstream propagation �12�.

Because of these observations, the missing correlation law for
he onset of CIVB for low to moderate turbulent Re numbers has
o correspond to the experimental finding that the reactive fluid in
he bubble is consumed by a corrugated flame. Since the radial
imension of the bubble correlates with the burner diameter and
ts shape is almost independent of the flow velocity, the volume of
he reactive mixture in the bubble is predominantly governed by
he spatial separation of the stagnation point and flame tip.

Figures 4�a� and 4�b� illustrate this idea for a stable operation
oint without flame propagation and for the onset of CIVB driven
ame propagation, respectively. The important difference is the
patial separation of the stagnation point and flame tip: For stable
onditions the distance 	x has not yet dropped to the critical
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ig. 3 Distribution of the instantaneous axial distance be-
ween the stagnation point of the recirculation bubble and
ame tip for two operation points
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distance. For this reason the relative position of the flame regard-
ing the recirculation bubble does not yet produce conditions fa-
vorable enough for the onset of CIVB because the net production
of negative azimuthal vorticity is insufficient to initiate flame
propagation �12�.

These observations lead to the following equations for the char-
acteristic turbulent time scale �t and the characteristic time scale
for the burnout of the reactive volume �b:

�t =
Lt

u�
�

D

ū
�4�

�b =
	xcrit

St
�

	xcrit

Sl
�5�

The fact that the flame inside the bubble exhibits a smooth and
moderately wrinkled surface and the finding that the reaction in-
side the bubble is of weak turbulence allows the conclusion St
�Sl, which is based on the early work of Damköhler �21�. As
Kröner did for his correlation law �Eq. �1��, these two character-
istic time scales are compared with each other and the ratio is used
to define a characteristic constant Cb as follows:

�b

�t
�

	xcrit · ū

Sl · D
= Cb �6�

This correlation can further be simplified, introducing the constant
ratio of 	xcrit and D. Finally, this leads to the simple result that the
ratio of bulk velocity and laminar flame speed has to be a constant
for all operation points near the onset of CIVB. Thus, the experi-
mental determination of this ratio via at least one reference mea-
surement allows the prediction of CIVB driven flame flashback
for the entire operation range. The ratio of both time scales can be
interpreted as the balance between the turbulent time for the rota-
tion of an eddy of the integral length scale Lt and the chemical
time for the laminar burnout of the reactive volume inside the
unburned recirculation zone �Fig. 4�.

3 Experimental Setup

3.1 Test Rig. The burner configuration used for this study
�TD1 burner� was derived from the swirler design published in
Ref. �22�. This burner applies aerodynamical flame stabilization
without bluff body on the center line. The stabilization of the
reaction is achieved with an internal recirculation zone �IRZ� at

burner exit plane

swirl generator

plenum

burner nozzle

D

x

r

3D
s

swirled flow

d

IRZ

mixing tube

unswirled core flow

Fig. 5 Scheme of the investigated TD1 burner
the burner exit �Fig. 5�. The tangential inlet ports for the main air
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rovide the swirl required for the breakdown of the flow down-
tream of the mixing tube. Variation in the open slot length s
hanges the swirl level. An additional axial jet is added on the
urner axis for tailoring the velocity field. With the variation in
he axial inlet diameter d, the vortex core radius of the flow can be
aried. More details on the influence of the geometric parameters
burner diameter D, open slot length s, and axial inlet diameter d�
re given in Ref. �3�. The flame propagation from the combustion
hamber into the swirl generator can be observed using a silica
lass cylinder serving as the mixing tube.

3.2 Measurement Techniques. The combination of two mea-
urement techniques with high temporal resolution were used for
he investigation of the chemistry-turbulence interaction: The flow
eld analysis was carried out with a PIV system composed of a
hotron APX high speed camera and a dual cavity Nd:YLF laser
ith an emitted wavelength of 527 nm. The temporal resolution
as set to 1000 Hz, the upper limit given by the maximum rep-

tition rate of the simultaneously applied LIF system. This LIF
ystem, which is used for the detection of the flame front, excited
he OH radical with a wavelength of 282.925 nm. The sudden
ncrease in the combustion intermediate concentration indicates
he reaction zone and thus the flame front �23�. The simultaneous
se of the high speed measurement techniques PIV and LIF, for
he first time published in Ref. �24�, required a complex data
ostprocessing because of reflections stemming from the glass
onfinement and from the deposition of seeding particles during
he tests. More detail of the measurement systems and the data
ostprocessing are given in Ref. �3�.

3.3 Experimental Method. In principle CIVB driven flame
ropagation can be initiated either by the reduction in the air
xcess ratio � or by the reduction in the mass flow rate �11�. In
his study the first procedure was chosen. After ignition of the
urner under lean conditions ���2.0�, CIVB driven flame propa-
ation was initiated by reducing � with a temporal gradient of
bout 	� /	t=0.01 s−1. For the determination of the critical air
xcess ratio �crit, every operation point was measured ten times to
alculate an average value of the critical �-value. The maximum
eviation to its average value was less than 	�=0.05 �see error
ars in Fig. 6�.

Results
As already mentioned, the scaling law for the prediction of

ame flashback driven by combustion induced vortex breakdown
ublished by Kröner et al. �2� was based on the investigation of
ne burner geometry. Figure 2 shows that the burning conditions
n the axis of swirl stabilized burners are not always strictly rep-
esented by the stirred reaction regime and that at moderate mass
ow rates, the local reaction is better represented by the corru-
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ig. 6 Experimental CIVB limits and prediction for the TD1
urner with s=22 mm and d=12 mm
ated flame regime. This section first presents the flashback limits
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of the TD1 burner operated at low to moderate mass flow rates
before the prediction model extension is coupled with the former
model and used to correlate the CIVB limits of the geometry
investigated by Kröner et al. �11�.

4.1 Prediction of the Onset of CIVB. The CIVB limits for
the TD1 burner �D=40 mm burner diameter, s=22 mm open slot
length, and d=12 mm axial inlet diameter, see Fig. 5 and Refs.
�3,13� for details� are plotted in Fig. 6. For this geometry a char-
acteristic constant Cb=0.412 according to Eq. �6� was determined
using the critical operation point Pth=60 kW and �crit=1.52 as
the reference. Since the new approach correlates the flashback
limits with the reciprocal value of the laminar flame speed instead
of its square according to the classical definition of �c=a /Sl

2, the
values for Cb are one order of magnitude larger than the Cquench
constant �Eq. �1��.

Using the mentioned constant Cb=0.412, the critical values of
� were then predicted for the entire operation range of the inves-
tigated burner by calculating the corresponding time scales. The
predicted flashback limits are plotted in Fig. 6 with the dotted line.
This prediction is in good agreement with the experimental data
�the markers in Fig. 6 show the mean values�. The main reason for
this behavior is that combustion in the bubble takes place in a
flame front, which is directly represented by the laminar propaga-
tion speed. Over the entire operation range of the TD1 burner
shown in Fig. 6 the assumption of a corrugated flame regime in
the bubble remains valid �Fig. 2�.

The variation in the axial inlet diameter d leads to a variation in
the core radius of the swirling flow �3� and changes the geometry
specific constant. Figure 7 shows the analysis for two other vortex
core diameters generated with axial inlet diameters of d=9 mm
and d=15 mm �Fig. 5�. The estimated constant Cb was 0.452 for
d=9 mm and 0.352 for d=15 mm, again determined with the
critical value at Pth=60 kW thermal power. The lower value for
the larger diameter indicates better flashback resistance. As shown
before for the diameter of d=12 mm �Fig. 6�, the correlation law
�Eq. �6�� also holds for these flashback experiments independent
of the particular choice of the diameter of the axial inlet �Fig. 7�.
The maximum deviation between the predicted air excess ratio �
and the measured � is less than 0.025. These findings allow the
conclusion that the flashback limits can be successfully correlated
with the new model for flows with different vortex core radii.

The new model was tested with respect to its applicability for
the prediction of CIVB limits for preheated mass flows as well.
Figure 8 shows, for three fuel mass flow rates of the TD1 burner,
the air excess ratio limits with increasing mixture temperature in
the range of 300–420 K covered in the study. Obviously, the criti-
cal air excess ratio increases with increasing inlet temperature.
This behavior was previously reported by Kröner for his geometry
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Fig. 7 Experimental CIVB limits and prediction for variation in
the axial inlet diameter „configurations: d=9 mm and d
=15 mm…
and he also modeled the effect with his time scale comparison.
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he temperature increase influences the laminar flame speed Sl
nd the bulk velocity ū via the density decrease. The correlation
aw �Eq. �6�� delivers the gradients ��crit /�Tpreheat plotted in Fig.
. An adaptation of the estimated constant Cb is not required, and
he correlation law according to Eq. �6� can properly deal with
hanges in the mixture temperature. The model prediction and the
xperimental results are in good agreement.

In summary, the detailed analysis of the TD1 burner shows the
pplicability of the new correlation law for the corrugated flame
egime. The missing final step toward a universally applicable
odel covering both flame regimes is the combination of this

pproach with the former model of Kröner et al. �11�.

4.2 Coupled Prediction Model. The combination of both
odels is based on the proper choice of the chemical time scale:
or all operation conditions with corrugated flames, the newly
efined correlation can be used. For higher mass flow rates the
igher turbulence changes the combustion toward the stirred re-
ctor regime and, thus, the PSR time scale is better suited for a
orrect prediction. In this operation range the reaction-turbulence
nteraction is strongly dominated by turbulent quenching. The as-
umption of a corrugated flame in the bubble is not valid anymore
nd the reactive volume approaches the stirred reactor regime.

For the TD1 burner no change in the local combustion regime
Fig. 2� occurs within the investigated power range and the cor-
elation law for the corrugated flame regimes �Eq. �6�� is well
uited in the entire operation range of this burner for the calcula-
ion of the onset of CIVB. However, as the burner geometry in-
estigated by Kröner et al. �11� was tested in a very wide range,
he change in the local burning conditions in the bubble with
ncreasing mass flow rate from the corrugated flame regimes to
he stirred regime has to be taken into account. Consequently, the
oupling of the two approaches �Eqs. �6� and �1�� is required for
he prediction of the CIVB onset with high accuracy in the entire
peration range.

The simultaneous use of the chemical time scales �b and �PSR
or the geometry investigated by Kröner is plotted in Fig. 9. The
ritical operation point Pth=125 kW and �crit=1.44 is the refer-
nce point used for the estimation of the geometry specific con-
tants Cb=0.153 and Cquench=0.030 �11�. The two curves show
he correlation laws according to Eq. �6� and Eq. �1�, respectively.
or stable operation, the burner has to be operated above the
ritical air excess ratios predicted by both correlation laws. The
alidity for Eqs. �6� and �1� ends at the intersection of the curves:
or low to moderate mass flow rates, the assumption of corru-
ated flames is obviously also valid for the burner investigated by
röner et al. �11� and predicts the limits for the onset of CIVB
ery well. With increasing mass flow rates the model of Kröner et
l. �11� is better suited for the prediction. The combined use of
oth time scales allows the precise prediction over the entire op-
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modeled �crit and the measured �crit is smaller than 0.025.
In summary, the combination of the two correlation laws �Eqs.

�1� and �6�� to an extended model allows to predict CIVB limits in
the development stadium of premix burners by determination of
the burner specific constants Cquench and Cb with a low number of
experiments and the determination of the burning conditions in
the center of the swirling flow via the Borghi diagram, which
delivers the prevailing combustion regime. The constants Cb and
Cquench are linked to each other at the point of intersection of both
prediction curves. Considering the point of intersection �PI� and
Eqs. �1� and �6�, the ratio between Cb and Cquench is given by

Cb

Cquench
= � 	xcrit

Sl · �PSR
�

PI

�7�

5 Conclusions and Outlook
Sudden flame propagation driven by CIVB is a severe problem

for the reliability of premixed swirl burners. Detailed former stud-
ies of CIVB �11,12� delivered a model for the prediction of the
onset of CIVB driven flame propagation for high turbulent Re
numbers. A model for moderate turbulent Re numbers was devel-
oped in this study and combined with the former one.

The approach is the classification of the burning regime at the
flame tip in the Borghi diagram: For low turbulent Reynolds num-
bers and low to moderate mass flow rates, the small influence of
turbulence on the reaction corresponds to the corrugated flame
regime. The chemical time scale best suited for this regime to
predict the onset of CIVB driven flame propagation is propor-
tional to 1 /Sl. At higher mass flow rates, the influence of turbu-
lence becomes significant and the burning conditions inside the
recirculation bubble correspond to the stirred regime. The appro-
priate characteristic time scale for this regime is �PSR. Both chemi-
cal time scales compared with characteristic flow time scales de-
liver a correlation law for each regime. A prediction model for the
onset of CIVB driven flame propagation with high accuracy over
the entire operation range of the test burners was achieved by the
combination of these two correlation laws.

Without knowledge of the location of the intersection point in
the specific design case, additional work is required for the deter-
mination of a second constant. This may be seen as a drawback
concerning the applicability of the extended model. For this rea-
son, further investigations incorporating preheat temperature and
fuel composition will be made to find a rule for the change in the
reaction regime for turbulent aerodynamically stabilized flames.
Upon the experimental determination of one of both constants,
this rule will allow the direct calculation of the second burner
constant according to Eq. �7� and thus reduce the required number
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Fig. 9 Experimental CIVB limits and prediction for the burner
geometry investigated by Kröner et al. †11‡ with the coupled
correlation laws
of reference measurements.
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omenclature
a 
 thermal diffusivity �m2 /s�

Cb 
 burnout constant
Cquench 
 quenching constant

D 
 burner diameter �m�
Le 
 Lewis number
Lt 
 integral length scale �m�

Pth 
 thermal power �kW�
p 
 pressure �bar�

Re 
 Reynolds number
Sl 
 laminar flame speed �m/s�
St 
 turbulent flame speed �m/s�
r 
 radial coordinate �m�
t 
 time �s�

U 
 velocity vector �m/s�
ū 
 bulk velocity �m/s�

uind 
 axial upstream velocity induced by � �m/s�
x 
 axial coordinate, flow direction �m�

	x 
 spatial deviation �m�
�l 
 flame thickness �m�
� 
 azimuthal component of � �1/s�
� 
 density �kg /m3�

�b 
 characteristic time scale for burnout �s�
�c 
 chemical time scale �s�

�PSR 
 chemical time scale for PSR �s�
�t 
 turbulent time scale �s�
�u 
 characteristic flow time scale �s�
� 
 vorticity vector �1/s�
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