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Abstract 
The stability and liftoff characteristics of a nitrogen (N2) diluted hydrogen (H2) jet flame in a vitiated 

co-flow are investigated experimentally with particular attention focused on regimes where multiple 
stabilization mechanisms are active. Information gleaned from this research is instrumental for informing 
modeling approaches in flame transition situations when both autoignition and flame propagation influence 
combustion characteristics. Stability regime diagrams which outline the conditions under which the flame 
is attached, lifted, blown-out, and unsteady are experimentally developed and explored. The lifted regime 
is further characterized in determining liftoff height dependence on N2 dilution, jet velocity, and co-flow 
equivalence ratio (or essentially, co-flow temperature). A strong sensitivity of liftoff height to N2 dilution, 
jet velocity, and co-flow equivalence ratio is observed. Liftoff heights predicted by Kalghatgi’s correlation 
are unable to capture the effects of N2 dilution on liftoff height for the heated co-flow cases. A uniquely 
formulated Damköhler number, where the chemical time scale is based on flame propagation rather than 
autoignition, was therefore developed which acceptably captures the effects of jet velocity, nitrogen dilution 
and environment temperature on liftoff height. Satisfactory agreement between the correlation results 
indicate that stabilization is dominated by propagation, and prior studies with similar flames, such as the 
research of Muñiz and Mungal (1997) indicate that the propagating flame is likely tribrachial. 
Keywords: Hydrogen; jet flames; turbulent combustion; flame propagation; autoignition

Introduction

Carbon Capture and Sequestration (CCS) pro-
vides a means of generating power from fossil fuels 
without emitting Carbon Dioxide (CO2) into the at-
mosphere. One CCS technology of particular inter-
est is called pre-combustion CCS where hydrogen 
(H2) is produced through gasification or pyrolysis of 
fossil fuels which can be used as a fuel in gas turbine 
combustors, for instance [1]. In comparison with the 
natural gas widely utilized in current state-of-the-art 
gas turbines, H2 is characterized by a much greater 
energy density by mass. However, the significantly 
reduced autoignition delay times of preheated H2 
mixtures, wide flammability limits, and high flame 
speeds, imply that current gas turbine combustors 
are not optimized for H2 operation. Of the many 
challenges in developing lean premixed, partially 
premixed, and non-premixed H2-fired gas turbines 

[2], one of the most serious fundamental issues is 
the stabilization of lifted H2 jet flames, where both 
an improved understanding and characterization of 
data sets is needed. 

Several theories exist which propose explana-
tions of the mechanism responsible for stabilizing 
turbulent lifted jet flames [3, 4], including premixed 
flame propagation [5], the extinction of diffusional 
flamelets [6, 7], large scale structures [8], tribrachial 
flame behavior [9, 10], and autoignition [11, 12, 13, 
14] when a heated co-flowing oxidizer is included.  
Markides et al. (2005) [15] also experimentally 
investigated the effects of turbulence interactions 
between the jet and surroundings on liftoff for au-
toignition dominated flames and concluded that 
these processes are coupled and that turbulent mix-
ing between the jet and co-flow delays autoignition.

Despite the myriad of flame stabilization theo-
ries in existence, a simple correlation proposed by
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Kalghatgi [16] which relies solely on the premixed 
flame propagation theory as the flame stabilization 
mechanism, is capable of reproducing virtually all 
turbulent lifted jet flame data including those with 
Nitrogen (N2) dilution, yet importantly, excluding 
cases where a vitiated co-flow has been applied. Pe-
ters (2000) [17] explains that for the “conventional” 
lifted turbulent jet flames the Damköhler number is 
small enough for premixed flame propagation terms 
to dominate over terms related to the extinction of 
laminar diffusional flamelets.  Peters further argues 
that the flame structure observed with these flames 
(without heated co-flows) is commonly tribrachial, 
though the liftoff height (L) is often governed by 
multiple stabilization mechanisms while consis-
tently enhanced by tribrachial flame geometry [17]. 
It should also be noted that while laminar diffusion 
quenching events do not determine the liftoff height, 
there is little doubt that diffusion flame quenching 
is responsible for the liftoff of an initially attached 
flame [17]. When local fluctuating strain rates near 
the nozzle exceed a threshold value, the flame is 
forced downstream where scalar dissipation rates 
are relaxed and mixing lengths are increased. The 
influence of scalar dissipation on flame stabilization 
is further explained by Peters [7]. The stabilization 
region, however, is on average downstream of the 
region where local scalar dissipation rates descend 
below the threshold quenching value because of in-
sufficient tribrachial flame speeds. Instead, the flame 
stabilizes at a radius and axial location where the 
speed of an ensemble of tribrachial flamelets bal-
ances the local flow velocity. Kalghatgi’s correlation 
is capable of accounting for tribrachial flame speed 
enhancement through calibration of the constant of 
proportionality, which is also fuel dependent.

Predicting the liftoff height of lifted turbulent jet 
flames is arguably the most severe model validation 
test [17], hence liftoff height characterization data 
have been used in the development and validation 
of many sophisticated models. Some example mod-
els include application to turbulent lifted H2-in-N2 
jet flames in vitiated co-flows and in describing the 
flame stabilization mechanism at work. Cao et al. 
(2005) [18] used the joint velocity-turbulence fre-
quency-composition PDF method and captured the 
strong sensitivity of liftoff height to co-flow temper-
ature that is observed in experimental results. They 
also found that model results suggest that flame sta-
bilization is primarily controlled by chemical kinet-
ics for the flames studied. Additionally, Kumar et al. 
(2007) [19] used a flame extinction model based on 
the k-ε turbulence time scale concept for the predic-
tion of liftoff heights for a wide variety of conditions 
and fuels including cases with hot co-flows. Kumar 
et al. observed that the flame stabilizes where the 

local flame propagation speed equals the local fluid 
velocity. The same method was also used to predict 
combustion dynamics for mild combustion burners 
[19].  

Since experimental data sets of turbulent lifted jet 
flames are critical for numerical model development 
and validation, extensive work is being conducted 
to broaden these data sets. Gordon et al. [20-23] re-
cently made significant experimental contributions 
involving turbulent H2-in-N2 jet flames in a viti-
ated co-flow. A primary motivation for their work 
was the determination of a means of differentiating 
between regimes dominated by partially premixed 
flame propagation from those dominated by autoig-
nition. Co-flow temperatures between 1000 K and 
1475 K were considered, and the dependence of lift-
off height on co-flow temperature (Tco-flow), co-flow 
velocity, and jet velocity (Vjet) was characterized. 
They concluded that the liftoff height for hydrogen 
jet flames is more sensitive to co-flow temperature 
than that of methane lifted jet flames owing to the 
aforementioned greater H2 autoignition sensitivity 
versus that of methane.

The present work is similar to the work by Gor-
don et al. (2005) [20-23], though the motivations are 
distinct and the approach here is unique and benefi-
cial. The nature of flame stabilization is investigated 
experimentally using an upgraded Berkeley Vitiated 
Co-flow Burner (VCB) [24] as sketched in Fig. 1. 
The reason for choosing Berkeley’s VCB configura-
tion is twofold. Firstly, the VCB represents a conve-
nient setup for a parallel experimental and numerical 
investigation. Secondly, the VCB allows relatively 
simple and well defined specifications of the bound-
ary conditions together with straightforward mea-
surements of the main parameter (L). Thirdly, the 
VCB presents an opportunity for investigating the 
chemical kinetic complications inherent when re-
circulation is involved as well as the complications 
involved with high Reynolds number turbulence. 
Recirculation occurs with the VCB as a result of the 
high shear forces between the jet reactants and the 
co-flow products. Finally, the VCB configuration is 
also relevant to applications; it in fact represents a 
compact and geometrically simplified version of the 
Alstom GT24/26 second stage burner (Sequential 
EV), as described in [32].

The VCB consists of an ambient temperature 
high velocity fuel jet issuing into a co-flowing 
stream containing nearly adiabatic products of lean 
premixed H2-air combustion. The geometry of the 
upgraded VCB (in comparison to the original design 
by Ricardo Cabra [11]) is designed to increase the 
operational flexibility of the burner allowing inves-
tigations of broader Vjet and nitrogen dilution mole 
fractions (yN2) ranges, and for better co-flow fluidic
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control without prohibitively complicated flow 
control techniques. The jet inner diameter has been 
scaled down by a ratio close to the co-flow dimen-
sion downscaling factor in preserving the ‘potential 
core’ height [25], which is the height at which out-
side air entrainment begins. Cabra et al [25] mea-
sured the potential core height on the original burner 
reporting z/d = 42, which is greater than the liftoff 
heights encountered with the current burner. Simi-
larity is invoked with the upgraded burner in mak-
ing use of the potential core height measurements 
performed by Cabra et al. Additionally, the reduced 
co-flow temperatures investigated in the present re-
search increases the potential core height [25]. The 
temperature of the co-flow stream is controlled by 
varying the co-flow stoichiometry (φco-flow). N2 is 
added to the fuel jet which encourages the flame to 
lift from the nozzle by increasing scalar dissipation 
rates near the nozzle which quenches the combus-
tion reaction locally [7]. Chemical kinetic effects 
also likely play an important role on the effect of 
N2 dilution on flame detachment, though research by 
Karbassi et al. [26] shows that the molecular mass 
of the diluent added to the fuel plays a most critical 
role on attached flame stability. Hence, the impact 
of N2 addition is likely dominated by the effect of 
momentum effects independent of Vjet adjustments.

Fig. 1. Berkeley’s VCB used in developing experimental 
data.

In the current research, flame stability is charac-
terized experimentally by creating stability regime 
diagrams which outline the conditions under which 
the flame is attached, lifted, blown-out or unsteady. 
The lifted regime is further experimentally investi-
gated, and the dependence of L on Vjet, yN2, and φco-flow 
is characterized. The range of operating conditions 
investigated is broader than prior experimental in-
vestigations, allowing an improved understanding 

of how the stability mechanisms change as func-
tions of operating conditions. The jet diameter (2.4 
mm) is smaller than many prior studies. A small di-
ameter jet affects the range over which stable lifted 
flames exist, while allowing a broad range of jet 
velocities to be studied with practical flow control 
mechanisms. Contrary to studies of conventional jet 
flames (e.g., those with no co-flow), the heated co-
flow employed in the current research (along with 
other aforementioned studies) allows for the possi-
bility of a different flame stabilization mechanism 
due to increased Damköhler numbers.

The increased Damköhler number promotes 
terms other than those dominated by flame propaga-
tion; terms which were not included by Peters [17] in 
analyzing flames at atmospheric pressures. Instead, it 
is possible for autoignition to play a more dominant 
role than flame propagation at higher temperatures 
(Tco-flow > 800 K) [15] yet the exact nature of flame 
stability at intermediate temperatures (600 K – 800 
K) is not as well characterized. Generally speaking, 
a combination of (tribrachial) flame propagation 
and autoignition processes could be influential over 
the range considered. Since several stability mecha-
nisms are likely influential when the entirety of the 
independent parameter space in the current research 
is considered, no attempt is made here to improve 
the theoretical understanding of the individual flame 
stabilization theories nor is any attempt made to 
propose a new theory. Instead, attempts are made at 
identifying the conditions under which existing the-
ories apply in various regions of the stability regimes 
diagrams. Moreover, the current research is intended 
to provide a broad experimental data set for numeri-
cal model benchmarking. The numerical models can 
subsequently be used for applications where many 
flame stabilization mechanisms are influential and 
in assisting the modeling community in determin-
ing the conditions under which particular numeri-
cal methods are applicable and when they are not.

Experimental and Numerical Methods

Experimental Methods

VCB Design

The VCB consists of a high velocity jet issuing 
into hot co-flowing products of lean combustion, 
as shown in Fig. 1. The inner diameter of the jet is 
djet = 2.4 mm, the outer diameter of the jet is do = 6.4 
mm, and the outer diameter of the co-flow is Do = 9.7 
cm. The co-flow is generated with a perforated plate 
consisting of 348 (1.6 mm diameter) holes drilled 
into a 9.5 mm thick brass plate arranged in a hexago-
nal pattern with 4.8 mm separation between holes, 
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and an overall blockage of 89%. The jet nozzle ex-
tends 25 mm above the base of the co-flow burner 
plate, and a 19 mm tall shroud is placed around the 
co-flow which reduces outside air entrainment while 
maintaining visibility of the jet nozzle. A blunt-edge 
nozzle (also known as a squared-off nozzle) is used 
because early scoping work indicates that changing 
from a blunt edge nozzle to a tapered nozzle bears 
no discernible impact on the liftoff height L, which is 
the primary focus of the research. It is assumed that 
the insensitivity of liftoff height on nozzle geometry 
occurs because the liftoff heights generated with this 
burner configuration are sufficiently far away from 
the nozzle (L/d ≥ 10 in all cases) for negligible lift-
off height contributions from local recirculation ef-
fects around the nozzle exit. Since a blunt-edge noz-
zle facilitates modeling (primarily because meshing 
a square nozzle is significantly less complicated), a 
square nozzle is used here. Thin walled tubes are 
avoided in reducing heat transfer from the co-flow 
products to the jet reactants. Simple 1D heat trans-
fer calculations where performed which show that 
even with the most conservative assumptions (1. 
outer wall tube temperature equaling the greatest 
co-flow temperature investigated of 1200 K, 2. pure 
hydrogen fuel, 3. a minimum jet velocity of 300 
m/s), the fuel temperature would rise by only 28 K.  
The conservative nature of the assumptions invoked 
with this calculation indicates that fuel temperature 
increases in the jet nozzle are negligible.

Scope of Operational Conditions

The operational conditions investigated include 
co-flow equivalence ratios of 0.00 ≤ φco-flow ≤ 0.35 
(corresponding to co-flow temperatures of 293 K 
≤ Tco−flow ≤ 1200 K) and jet N2 mole fractions of 
0.0 ≤ yN2 ≤ 0.55. For all experiments, the jet fuel 
temperature is approximately Tjet ≈ 293 K and the 
co-flow bulk velocity before combustion is held con-
stant at uco-flow = 0.67 m/s (7.3 m/s in the holes in the 
plate). The co-flow velocity of the combusted prod-
ucts of the lean premixed flame ranges from roughly 
0.67 m/s (for co-flowing air) to roughly 3.2 m/s (for 
Tco-flow = 1200 K). Co-flow temperatures are estimat-
ed using an experimentally developed correlation 
[25] of the form:

                  Tco-flow (K) = 2462(φco-flow )0.69                (1)

Equation 1 was developed for 0.15 ≤ φco-flow ≤ 0.5 
and accounts for non-adiabatic conditions. The cor-
relation was based on Raman-Reyleigh thermome-
try measurements with a reported uncertainty of 3% 
versus the uncertainty correlated with thermocouple 
measurements of 5%. Thermocouple measurements 

performed with the upgraded apparatus also fall 
within the 5% uncertainty value. The co-flow blow-
off limit with the upgraded burner is in agreement 
with the co-flow blowoff limit observed here, and 
the burner design is scale similar with Cabra’s origi-
nal design. Thus, there exists greater confidence in 
the accuracy of the correlation developed by Cabra 
et al. over thermocouple measurements and this cor-
relation is consequently opted for co-flow tempera-
ture characterization in lieu of thermocouple mea-
surements.

The speed of sound in pure H2 is ~1300 m/s.  
As N2 dilution is increased, however, the speed of 
sound in the jet fluid decreases. For example, for the 
case with the maximum amount of N2 dilution in-
vestigated in the current work (yN2 = 0.55), the speed 
of sound in the jet fluid is ~500 m/s. Consequently, 
it is not possible to achieve N2 dilution values great-
er than 0.55 with the jet nozzle used. Additionally, 
compressibility effects are critical for high yN2 val-
ues and should be included when modeling flames 
with high yN2 values.  

Stability Regime Diagrams Development Method-
ology

Stability regime diagrams are created for Vjet = 
300, 400, and 500 m/s. φco-flow is held constant for a 
given experiment, and yN2 is slowly increased until 
the flame lifts or becomes unsteady, which allows 
the point of transition (from attached to lifted and 
lifted to blown-out) to be recorded. The unsteady re-
gime, in the context of this research, is characterized 
by repeated transitions from an attached condition 
to a lifted condition where the liftoff height rapidly 
increases until blowout, and subsequent rapid igni-
tion of the jet reactants. When re-ignition occurs, 
an attached flame is again formed and the cycle is 
repeated. It is important to note that hysteresis ef-
fects in influencing the transition to the lifted condi-
tion are well known and documented [3], and the 
boundary between the attached flame and a lifted 
flame is different when yN2 is ramped down instead 
of ramped up. (e.g., when a flame is already lifted, 
reducing yN2 yields a lifted flame for values of yN2 
where an attached flame is present if starting from 
an attached flame and increasing yN2). Nonetheless, 
a single stability regime diagram for each case is de-
sired for bounding the liftoff height characterization 
portion for the current research so each experiment 
starts from an attached flame and yN2 is increased 
until the flame lifts in simplifying the liftoff height 
characterization which follows. The nitrogen ramp-
ing scheme, however, does not affect jet flame sta-
bility characteristics in the unsteady regime for the 
current burner geometry. A sweep of φco-flow values of 
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interest is investigated and the data forms the stabili-
ty regime diagrams which summarize the conditions 
under which the flame is attached, lifted, blown-out 
and unsteady when yN2 dilution is ramped up.

Liftoff Height Characterization Methodology

Liftoff height L is determined by measuring a 
time averaged ensemble of schlieren images (see 
Fig. 2) with a shutter time of 156 µs. The liftoff 
height definition is relatively unambiguous at this 
frame rate and is defined as the location where the 
schlieren image depicts a noticeable density gra-
dient in the jet stream. The schlieren imaging ap-
proach is advantageous over direct imaging as prior 
research where direct imaging was employed and 
uncertainty values were computed demonstrated 
that the magnitude of uncertainty resulting from 
the long frame rates required with direct imaging 
are often the same order of magnitude as the liftoff 
height measurements themselves [28]. In the current 
research, 50 frames equally spaced apart in a period 
of 10 seconds were analyzed by hand in determin-
ing the mean liftoff height. All experiments are con-
ducted at atmospheric pressure.

Fig. 2. Example schlieren image depicting a lifted N2-in-
H2 jet flame showing qualitatively how the liftoff height 
is defined.

While the effect of this broad range of indepen-
dent parameters on liftoff height is presented, results 
are shown with yN2 on x-axes instead of φco-flow or Vjet 
because the dependence of L on yN2 appears linear, 
which is not always the case with φco-flow and Vjet.  
Liftoff height measurement results demonstrate that 
when 3 independent parameters are made variable, 
significant scatter in liftoff heights result which is 
a significant modeling challenge. Development of a 
robust correlation which describes the liftoff height 
dependence on yN2, Vjet and φco-flow is also challeng-

ing. RMS values, minimum and maximum values, 
and a PDF of the liftoff heights, while extremely 
useful, are not included in the present research be-
cause the manual nature by which of liftoff heights 
are measured makes these additional statistical de-
terminations prohibitively time intensive.

Numerical Methods

Flame speed, SL, flame thickness, δ, and the 
corresponding chemical timescale corresponding 
to mixtures of jet reactants and co-flow products 
are calculated using Chemkin II PREMIX [27]. In 
PREMIX, mixtures of the jet and co-flow are pre-
calculated and used as inputs which determined an 
overall global equivalence ratio (͞φGlobal). Note that 
͞φGlobal is distinct from φco-flow. Mixture averaged prop-
erties are assumed. The flame thickness is defined as 
the region between 10% and 90% of the temperature 
difference between the burned and unburned sides 
of the premixed flame. An example computation set 
of SL versus φ͞Global for cases with φco-flow fixed at 0.18 
for four selected yN2 values is presented in Fig. 3. A 
relationship between the laminar flame speed SL, the 
mean local equivalence ratio φ͞Global and yN2 is fit to 
the form SL(͞φGlobal) = α ͞φGlobal 

b exp(-c (φ͞Global – d)) us-
ing data computed from PREMIX. The constants a, 
b, c and d are functions of yN2. Note that the unburned 
mixture temperature varies with φ͞Global. The detailed 
H2 chemical kinetic mechanism from Li et al. (2004) 
[30] [-36958940] is used for all numerical simula-
tions and equilibrium Tco-flow and compositions are 
assumed. The fitting relation matches the computed 
laminar flame speed well, with average error around 
10% overall and with lower errors are observed for 
the regions of interest. The chemical timescale is de-
fined as the ratio of δ to SL and is hereafter referred 
to as the flame time. The computed flame time 
values are used in correlating experimental data.

Fig. 3. Computed laminar flame speeds versus jet N2 dilu-
tion and global equivalence ratio and the correlation re-
sults plotted alongside (solid lines) for an example case 
with φco-flow = 0.18.
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Results and Discussion

Stability Regimes Development

Figure 4 presents stability regime diagrams pro-
duced from the data for Vjet = 300 m/s, 400 m/s and 
500 m/s with φco-flow (and hence Tco-flow) and yN2 as 
the two independent parameters. Results are illus-
trated with φco-flow on the primary x-axis and with the 
correlated Tco-flow determined from Eq. 1 on the sec-
ondary x-axis. As shown in Fig. 4, four distinct re-
gions of the stability regime diagrams are identified;

In the lifted regime, the transition from attached 
to lifted is abrupt. For yN2 values immediately be-
low the lifted regime transition, no visible indicators 
that the flame is nearing liftoff are observable. Simi-
larly, in the unsteady regime, the transition from 
attached to unsteady is abrupt so these transitions 
are easily delimited. At lower jet velocities and for 
0.15 ≤ φco-flow ≤ 0.20, the jet transitions from an at-
tached flame to a blown-out one, with no lifted re-
gion. Increasing the jet velocity broadens the lifted 
regime for 0.15 ≤ φco-flow ≤ 0.20. As explained in sec-
tion 2.2, for φco-flow < 0.20 the co-flow temperature 
is below the autoignition temperature, meaning that 

an attached flame, a lifted flame, a blown-out flame 
and an unsteady flame. For φco-flow < 0.15, the co-
flow is blown-out (does not remain lit), thus no 
data points are generated in the region between 
0 < φco-flow < 0.15. A stability regime is drawn for 
0 < φco-flow < 0.15 nonetheless in allowing placement 
of a label of the lifted regime for the low Vjet cases 
where the actual lifted regime is small. Therefore 
the stability limits for 0 < φco-flow < 0.15 are implied 
and not measured. The dashed line for the Vjet = 500 
m/s cases indicates the boundary between the lifted 
and unsteady regimes.  

the temperature of any mixture between the fuel (at 
293 K) and co-flow (300 K for air at φco-flow = 0 and 
810 K for φco-flow = 0.20) is below the autoignition 
temperature. Therefore autoignition cannot be the 
sole flame stabilization mechanism, and tribrachial 
flame propagation is likely influential for φco-flow < 
0.20. As Tco-flow surpasses the autoignition tempera-
ture (near and beyond φco-flow > 0.20), increasingly 
greater yN2 values are necessary for jet detachment. 
For example, Fig. 4c shows the stability regime dia-
gram for Vjet = 500 m/s. The slope of the boundary 
line between attached and lifted regimes for 0.15 < 
φco-flow < 0.20 is much shallower than the slope of the 

Fig. 4. Stability regimes Diagrams which map the flame stabilization behavior for Vjet = 300 m/s (a), Vjet = 400 m/s (b) and 
500 m/s (c).

a b

c
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regime boundary line for φco-flow > 0.20. For φco-flow > 
0.20 with increasing yN2, the jet no longer transitions 
from attached to lifted, but rather from attached to 
unsteady. Had yN2 been ramped down instead of up, 
the attached-lifted boundary is slightly reduced ow-
ing to hysteresis. However, the stability boundaries 
in the unsteady regime are unaffected by hysteresis. 
Cases where yN2 are ramped down are not investi-
gated extensively for simplicity since the primary 
focus of this research is on analyzing liftoff height 
variation in the lifted regime. Stability hysteresis on 
φco-flow and Vjet slightly affect the stability regimes 
layout, though for the burner configuration used, 
stability is most sensitive on yN2, so these hysteresis 
effects are likely less influential than hysteresis on 
yN2. Additionally, φco-flow and Vjet are fixed in the de-
velopment of the stability regimes diagrams in re-
ducing the impacts of hysteresis on φco-flow and Vjet.

The relatively small inner diameter of the jet 
used (2.4 mm) leads to high strain with weak tri-
brachial characteristics which prohibits stable lifted 
flames when φco-flow > 0.20. Peters [17] explains why 
diffusion flame quenching is responsible for the lift-
off of an initially attached flame. When the jet di-
ameter is smaller than the threshold value (~3 mm, 
above which liftoff height is linearly dependent on 
jet velocity) laminar diffusional flamelet quenching 
drives the stabilization point beyond the threshold 
liftoff height of L = 40 diameters, resulting in flame 
instability. Consequently, for φco-flow > 0.20, stable 
lifted flames cannot be generated with the burner 
configuration used since the co-flow temperature is 
greater than the autoignition temperature. However, 
the jet is capable of reigniting once an autoignition 
event strong enough for full jet ignition becomes fa-
vorable, and the cycle is repeated [36]. The frequen-
cy of these ignition and subsequent blow-off events 
ranges between 0 Hz and 30 Hz depending on Vjet, 
φco-flow, and yN2. The stability regimes diagrams serve 
as a convenient tool for predicting H2-in-N2 flame 
behavior under various conditions and for analyzing 
the numerical and experimental results when avail-
able.

Liftoff Height Characterization

Concurrently in the development of the stability 
regimes diagrams, the liftoff heights under the same 
conditions were measured using the methodology 
outlined in section 2.1. Figure 5 summarizes these 
results. Note that the liftoff height results presented 
are fundamentally distinct from those measured by 
Cabra et al. [11] as the co-flow temperature ranges 
investigated do not overlap between the present re-
search and Cabra’s work and because of the afore-

mentioned fluid dynamic effects resulting from the 
jet nozzle diameter adjustment. At any fixed Vjet and 
yN2 condition, a marked difference in liftoff heights 
is not observed as the co-flow equivalence ratio is 
increased beyond φco-flow = 0.15 (Tco-flow = 660 K) until 
φco-flow = 0.20 (Tco-flow = 810 K). Above φco-flow = 0.20, 
autoignition is likely the dominant flame stabiliza-
tion mechanism, which explains the differing liftoff 
heights for φco-flow = 0.20. Furthermore, a maximum 
non-dimensional liftoff height of approximately 
L/djet ≈ 24 is observed. These results suggest that in 
practical combustors, when H2 mixes with products 
originating at equivalence ratios near 0.20, numeri-
cal models which incorporate autoigniton and flame 
propagation should for optimal model accuracy.  
Figure 5 also demonstrates the significant degree of 
scatter in liftoff heights which results when 3 inde-
pendent parameters are varied.

Fig. 5. Experimentally measured liftoff heights versus N2 

dilution for various jet velocities and co-flow equivalence 
ratios.

Liftoff Height Data Reduction

Kalghatgi’s Correlation

The liftoff height in the steady lifted regime is 
investigated in detail (0.15 < φco-flow < 0.20). First, 
Kalghatgi’s correlation [16] is used in investigating 
whether the correlation can accurately capture the 
influence of varying yN2 on L while the φco-flow is var-
ied:
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where νjet is the kinematic viscosity of the jet, ρjet 
is the density of the jet, and ρ∞ is the ambient den-
sity (co-flow density). Kalghatgi’s correlation has 
been previously shown to accurately predict liftoff 
heights for hydrocarbon jet flames, H2 jet flames, 
and H2 jet flames diluted with hydrocarbons and 
CO2 [38]. However, note that Kalghatgi did not 
have a co-flow, heated or otherwise, in developing 
the correlation.  

Measured liftoff heights are plotted against those 
predicted by Kalghatgi’s correlation with the jet 
mixture kinematic viscosity calculated using the 
methodology outlined in a NASA Technical Note 
by R.S. Brokaw [39]. Results of the comparison be-
tween measured results and those predicted by Kal-
ghatgi’s correlation are shown in Fig. 6. These re-
sults indicate that Kalghatgi’s correlation correctly 
predicts the range of liftoff heights, but has trouble 
accurately predicting the effect of yN2 with a hot co-
flow. Figure 7 shows Kalghatgi’s correlation versus 
yN2 for the cases investigated. For hot co-flow cases 
(φco-flow ≥ 0.15) Kalghatgi’s correlation predicts only 
a weak dependence of L on yN2 whereas a strong de-
pendence was observed experimentally. For the cold 
co-flow cases (φco-flow = 0.00), Kalghatgi’s correla-
tion shows better agreement with the experimental 
data for increasing yN2. Discrepancies for the cold 
co-flow cases are attributable to the influence of the 
co-flow velocity on forcing the stabilization zone 
downstream, as explained by Montgomery et al. 
[40]. Despite the accuracy of Kalghatgi’s correlation 
[38] without a co-flow, these results imply that for 
heated environments, caution should be used when 
applying the correlation.

Fig. 6. Experimentally measured liftoff heights versus 
predictions computed using Kalghatgi’s correlation for 
various jet velocities and co-flow equivalence ratios.

Fig. 7. Liftoff height predictions from Kalghatgi’s cor-
relation versus N2 dilution for the conditions investigated 
experimentally.

Normalization by Damköhler Number

Prior work [41, 42] suggests that the Damköhler 
number definition derived from large-scale turbu-
lence quantities is equally applicable to small-scale 
turbulence quantities, and vice versa. In taking ad-
vantage of this hypothesis, the Damköhler number 
is used in investigating whether liftoff heights can 
be characterized solely by this parameter. The Dam-
köhler number is computed using two methods, both 
utilizing density weighting [43] in computing an ef-
fective velocity near the flame. The first Damköhler 
number definition Dα1 uses the jet diameter for com-
puting the flow time scale: 

L

jetjetjet

chem

flow
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vd
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/
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1 δ
ρρ

τ
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where τflow is the flow time scale, τchem is the chem-
ical time scale, SL is the flame speed, and δ is the 
flame thickness. An example τchem computation set 
is shown in Fig. 8, with ͞φGlobal (equivalence ratios 
encountered as the jet reactants mix homogeneously 
with co-flow products) on the x-axis and the lami-
nar flame speed (SL), the flame thickness (d), and the 
flame time (τchem) on the y-axes. τchem and d share the 
same y-axis on the right hand side of Fig. 8 because 
the order of magnitude of the values are similar, 
so the units are given next to the plot labels. The 
minimum flame time on the lean side (near φ͞Global = 
0.4) is not used because as fluid from the jet moves 
downstream and is entrained by the co-flowing
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products, the mixture starts richer and become lean-
er. Consequently, the first minimum in chemical 
time scale that the mixture encounters is at a rich 
equivalence ratio. If the flame stabilized later, on the 
lean side, any downstream deviation from the stabi-
lization point would move the flame toward an even 
leaner zone with a longer flame time. On the rich 
side, however, perturbations that move the stabili-
zation zone downstream result in ignition composi-
tions closer to stoichiometric where flame stability 
is enhanced. As a result, the flame time on the rich 
side is a stable minimum, whereas the minimum on 
the lean side is unstable.  

 

)1/1(1
1

/1

/38.25.0

,2

,2

,2
−













−

−
−

+
=

−

−

flowco
N

N
N

flowco
Global

j

j

G y
y

y ϕ

ϕ
ϕ

The jet diameter serves as a basis for the integral 
length scale, since turbulence scales cannot exceed 
the jet diameter before the jet fluid is issued into the 
environment. It is assumed here that a) the flame 
propagation speed scales with the laminar flame 
speed and that b) flame propagation is the mecha-
nism most influential in determining the liftoff 
height for the steady lifted flames studied. The latter 
assumption is supported by Peters’s work [17]. The 
former assumption is made with the understanding 
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Fig. 8. An example calculation of the laminar flame 
speed, flame thickness, and flame time for φco-flow = 0.18. 

͞φGlobal is determined through analysis of the glob-
al (1-step) reaction equation where equivalence ra-
tio is set such that H2/O2 equals that of a reaction of 
H2 with air at the same equivalence ratio. The result-
ing φ͞Global definition can be computed using Eq. (4) 
for specified values of φco-flow, yN2, and yH2,G, where, 
yH2,G refers to the local (global) H2 mole fraction as 
the jet reactants mix with co-flow products.

that correlation scatter can be partially attributable 
to disparities between this assumption and the real 
conditions. The density weighting accounts for the 
influence of nitrogen dilution on jet momentum, 
independent of jet velocity [43]. As nitrogen dilu-
tion is increased, jet momentum increases, which 
increases downstream fluid velocities. Figure 9 is 
included as an example demonstrating the challeng-
ing task of correlation development of liftoff height 
for the conditions investigated.  

Fig. 9. Experimentally measured liftoff heights versus the 
Damköhler Number where the jet diameter is used as the 
flow length scale.

Damköhler Number Redefined

Because of the inadequacy of the traditional 
Damköhler number definition first employed, the 
Damköhler is redefined in more adequately account-
ing for the physics encountered with the VCB. The 
second method uses an alternative length scale in 
computing the flow time,         :

(4)

5.1=ϕz

(5)

5.1=ϕzwhere         is the axial location where ͞φGlobal = 1.5, 
which is where a flame time occurs as shown in Fig. 
8 for an example case with φco-flow = 0.18. The as-
sumption is made here that errors associated with 
using the z-location along the jet centerline versus 
the radial location (rs) where stabilization actually 
occurs are negligible because rs is typically small 
(rs = 1.7 for the flame depicted in Fig. 2 for exam-
ple) compared to the stabilization height. Scalar dis-
sipation also impacts the stabilization location to a 
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degree, though Peters [17] explains that scalar dissi-
pation effects are negligible when tribrachial propa-
gation dominates.

Again, since flame propagation is deemed most 
influential in the stable lifted flames regime, τflame 
is used as the chemical time scale. The flow length 
scale modification is justifiable because the amount 
of time for the reactants to become ignitable (due 
to a decrease in scalar dissipation rate) is dictated 
solely by this length scale and by the fluid velocity 
(instead of the jet diameter and the fluid velocity).  
Furthermore, the jet diameter choice is incomplete 
because it does not allow for larger turbulence quan-
tities to develop from a small jet which result from 
shear interactions with the co-flow. 

Early research conducted by Birch et al. [45] on 
nonreacting jets issuing into quiescent environments 
resulted in a correlation relating local composition 
along the jet centerline with z. With this correlation, 
it becomes possible to modify the flow length scale 
to this more appropriate value in order to improve 
agreement with experimental results. The axial loca-
tion which minimizes flame time,                  , is calculated 
from:

where yjet is the mass fraction of the fuel in the jet,
is the mass fraction of the fuel for φ͞Global = 1.5, ρjet  
is the density of the jet, and ρ∞ is the density of the 
ambient fluid (the co-flow). It is assumed here that 
the correlation for the centerline fuel concentration 
decay profile is unaffected by chemical reaction, 
and this assumption has been shown to be reason-
ably accurate [44] with reacting flows. The liftoff 
height data is then plotted against these Damköhler 
numbers in identifying a single functional relation-
ship between Damköhler number and liftoff height.

The first method using the jet diameter in com-
puting the flow time length scale (Fig. 9) captures 
the effects of N2-in-H2 dilution on L at fixed Vjet, 
but the results are functionally dependent on Vjet as 
this parameter is varied. The conclusion following 
this observation is that when inappropriate length 
or time scales are used in the Damkohler number 
definition, correlation results are not meaningful. 
The second method, however, captures the trend 
with good agreement regardless of φco-flow, Vjet, and 
yN2. The result is shown in Fig. 10. This result sug-
gests that the Dα2 formulation based on macroscopic 
features applies equivalently to the small scales in 
determining the stability point. The scatter is likely 
due to the fact that in some cases with higher φco-flow 

values, autoignition is competing with propagation 
in stabilizing the flame as well as some contribu-
tions from compressibility effects. The satisfactory 
agreement is also an indicator that numerical mod-
els which do not include compressibility effects can 
produce meaningful results in the lifted regime.  

Fig. 10. Experimentally measured liftoff heights versus 
the Damköhler Number where the flow length scale is 
based on the axial location where the concentration of the 
fuel results in a minimum chemistry time.

A metric for determining how to incorporate the 
autoignition delay time into the Damkӧhler number 
formulation by the use of a weighted average of the 
flame time and an autoignition delay time which 
accounts for mixing between the jet and co-flow 
would likely improve agreement. The weighting 
percentages should appropriately incorporate the 
effect of Tco-flow on the stabilization mechanism and 
the relative importance of autoignition versus tribra-
chial flame propagation. Additionally, a constant of 
proportionality that makes the flame time and delay 
time comparable in terms of how they influence L 
would likely reduce scatter in the results.  

Conclusions

Stability regime diagrams are presented which 
outline the conditions under which a N2-in-H2 jet 
flame in a vitiated co-flow is attached, lifted, blown-
out or unsteady. The stability regime diagrams are 
an effective means of facilitating understanding of 
the interaction of the factors influential in stabilizing 
jet flames. For the burner geometry used, it is found 
that lifted flames exist for co-flow equivalence ratios 
below 0.20 when enough N2 dilution is added to the 

5.1=ϕz

(6)
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fuel. A co-flow equivalence ratio of 0.20 corresponds 
to an estimated co-flow temperature of 810 K which 
is near the autoignition temperature of H2 indicat-
ing that lifted flame stability is likely dominated by 
flame propagation for all cases where stable lifted 
flames exist. For co-flow equivalence ratios above 
0.20, autoignition becomes important, and the flame 
is unsteady with no definable liftoff height. 

The lifted flame regime is further characterized 
by determining the dependence of liftoff height on 
N2 dilution, jet velocity, and co-flow equivalence 
ratio. Kalghatgi’s correlation for predicting lift-off 
heights L, which shows excellent results for jets is-
suing into quiescent environments, is investigated in 
determining its applicability for cases where a heat-
ed co-flow is involved. Kalghatgi’s correlation poor-
ly predicts the trend for hot co-flow conditions, yet 
captures the trend adequately for cold co-flow con-
ditions. Thus, the correlation is found incapable of 
predicting correctly the dependence of liftoff height 
on N2 dilution for hot co-flows. Correlations found 
inappropriate where heated co-flows are applied and 
when the co-flow temperature remains below that 
which autoignition dominates flame stabilization 
motivate the development of a correlation which 
incorporates the temperature effect on propagat-
ing turbulent lifted flames. A new correlation based 
upon the Damköhler number, with careful selection 
of flow and chemical time scales is developed in in-
vestigating the performance of this correlation for 
the conditions investigated. The liftoff height data 
is plotted against the Damköhler number showing a 
direct relationship when the Damköhler number is 
appropriately defined. This result suggests that the 
Damköhler number is an overarching parameter that 
describes lifted flame dynamics for the conditions 
investigated, which span many flame stabilization 
regimes. By properly choosing the parameters de-
fining the turbulence time scales and chemical time 
scales which address the dominant flame stabiliza-
tion mechanism, a linear dependence of liftoff height 
on the Damköhler number is observed. Consequent-
ly, the Damköhler number can be used as a means of 
estimating the liftoff height when experimental data 
is nonexistent for guiding future experimental and 
numerical work. This result reinforces the hypoth-
esis that flame propagation dominates flame stabi-
lization for these flames when the co-flow is below 
the autoignition temperature. Numerous prior stud-
ies indicate that for lifted flames in ambient environ-
ments, tribrachial flame propagation is paramount, 
and may also be paramount for these flames. For 
stable lifted flames issuing into co-flows hotter than 
the autoignition temperature, autoignition becomes 
influential in determining the ignition location. For 
these flames, the Damköhler number should incor-

porate the autoignition delay time into the chemi-
cal time scale instead of using the flame time alone.  
The potential for using a single metric for predict-
ing liftoff characteristics across several stability re-
gimes, however, is attractive.
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