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Abstract
Studying the lift-off behavior of non-premixed jet flames is important to understanding the flame
stabilization mechanisms in practical systems, including gas flares and combustors, and to improving
the safety of pressurized fuel tanks in case of fuel leaks. This is typically done with the canonical
configuration of an axisymmetric fuel jet issuing into a quiescent or co-flowing oxidizer and abundant
data are available in the literature. However, most of these data were collected at normal or subatmospheric pressure and little data are available at elevated pressure and high Reynolds numbers,
conditions relevant to practical configurations. The present study fills this gap by reporting lift-off
height measurements of methane and ethane non-premixed jet flames for pressures up to 7 bar and
Re = 57,500 in the presence of an air co-flow. Data are interpreted using Kalghatgi’s model for the
dimensionless lift-off height, which was previously proven successful for sub-atmospheric to normal
pressures, as well as elevated pressure but only for low turbulent Reynolds numbers and propane. In
this contribution, Kalghatgi’s model has been shown to accurately predict the slope of the lift-off
height vs jet velocity curves at elevated pressure and large Reynolds number for methane and ethane.
A new term, a function of the stoichiometric mixture fraction, the laminar burning velocity, and a
turbulent Schmidt number, is also introduced to extend the predictive capabilities of Kalghatgi’s
model to configurations featuring a co-flow.
Keywords: lift-off; co-flow; pressure; laminar burning velocity; non-premixed; jet flame
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1. Introduction
In many industrial combustion-based systems involving flammable gases or liquids, fuel and air are
not premixed upstream of the flame’s location into the combustion chamber [1-3], forcing it to lift
and, given the right conditions, stabilize away from the injector nozzle. This applies to industrial gas
flares and combustors, as well as pressurized fuel tanks in case of fuel leaks. To understand the
stabilization mechanisms of such flames, the lift-off of non-premixed flames has been studied
extensively with the canonical configuration of an axisymmetric fuel jet issuing into a quiescent [48] or co-flowing oxidizer [9], generally air [10-14]. Different theories are published for the mechanism
of stabilization and these include: the premixed flame theory [4], the turbulent intensity theory [15],
the critical scalar dissipation concept [16], the large eddy concept [17, 18], and the edge-flame concept
[19].

Regardless of which theory is most relevant, it is extremely useful to generate simple correlations that
can predict the lift-off height of such flames under a range of operating conditions. Kalghatgi [15]
proposed an expression for the lift-off height h as a function of the bulk jet velocity Uj and the laminar
burning velocity SL:
𝜌𝑓 𝑆𝐿 ℎ
𝑈𝑗
= C1 g(𝜌̅ )
𝜇𝑓
𝑆𝐿

(1)

where 𝜌𝑓 and 𝜇𝑓 are the fuel density and dynamic viscosity, C1 is an empirical constant close to 50,
and g(𝜌̅ ) is a density parameter computed as g(𝜌̅ ) = 0.04 + 0.46𝜌̅ + 0.5𝜌̅ 2 with 𝜌̅ = 𝜌𝑓 /𝜌𝑜 .
Subscript o refers to the oxidizer. This expression was designed for fuel jets issuing into a quiescent
environment and was shown to perform well for a range of fuels [8, 15]. However, most of the data
providing validation for Kalghatgi’s model were obtained at atmospheric pressure. This database was
recently extended to sub-atmospheric pressures (0.6 bar ≤ 𝑃 ≤ 1.0 bar) for propane [20]. It was
found that Kalghatgi’s model remains valid at sub-atmospheric pressures for propane.

There are very few data available in the literature to verify if this expression is valid at elevated
pressure. Effects of elevated pressure on the lift-off behavior of turbulent non-premixed jet flames
have been examined recently [21, 22]. Bang et al. [21] showed that Kalghatgi’s model continues to
perform well for propane at pressures up to 5.5 bar. However, due to thermal power limitations of the
high-pressure test-rig used by the authors, only moderate Reynolds numbers up to Re = 5,500 had
been examined. Guiberti et al. [22] studied the lift-off behavior of methane jet flames over a similar
pressure range but for larger Reynolds numbers up to Re = 19,000. New stabilization mechanisms not
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observed previously for methane lifted flames at atmospheric pressure were uncovered at elevated
pressure but the focus was not on challenging Kalghatgi’s model. Therefore, it was not clear if
Kalghatgi’s model remains valid at elevated pressure and high Reynolds number. The present study
intends to fill this gap by providing data in the canonical configuration of an axisymmetric jet issuing
into an air co-flow for elevated pressures (1 bar ≤ 𝑃 ≤ 7 bar) and two fuels, namely methane and
ethane.

While Kalghatgi assumed a turbulent premixed flame stabilization mechanism [15], recent
experiments [22] and simulations [23] provide strong support for the edge-flame theory at low lifted
heights. Regardless of the dominant stability mechanism, and from an engineering point-of-view, the
accuracy and usefulness of a predictive tool may outweigh certain deficiencies in its conceptual
construct. This contribution proceeds with this understanding and does not necessarily commit to a
particular mechanism for stabilization. It simply employs Kalghatgi’s formulation as a useful launch
pad to extend it scope of relevance to elevated pressures, other fuels, and to conditions involving a
range of co-flow velocities.
1.1 Effects of the co-flow
Kalghatgi’s model was designed for fuel jets issuing into a quiescent environment and does not
account for the presence of a co-flow. Therefore, efforts were made to extend the validity of this model
to configurations featuring a co-flow [24-27]. In [25-27], an effective velocity Ueff is defined as:
1

𝑈𝑒𝑓𝑓

𝜌𝑜 2
= 𝑈𝑗 + C2 ( ) 𝑈𝑐
𝜌𝑓

(2)

where C2 is an empirical constant and Uc stands for the co-flow velocity. It is shown that replacing Uj
by Ueff allows capturing the effects of the co-flow by collapsing the h vs Ueff curves recorded for
different co-flow velocities onto a single curve. In these three studies [25-27], this expression is
challenged only for methane, meaning that the usefulness of the term related to the oxidizer to fuel
density ratio cannot be validated experimentally. Physically, this term relates to Kelvin-Helmholtz
instabilities, which produce vortices controlling mixing in the shear layer between fuel and oxidizer
1/2

streams [28-31] and whose strength is proportional to (𝜌𝑜 /𝜌𝑓 )

[32]. In addition, the constant C2 is

obtained by best-fit of the data and it is argued that it may vary with fuel and burner dimensions [25].
Best fit corresponds to C2 = 5.2 for methane and a fuel tube inner diameter of 10 mm in [25]. A
different value of C2 = 50 is found to provide a good collapse of the data from [10, 11, 27] for methane
and fuel tube inner diameters of 3.5, 4.0, 4.8, and 5.0 mm. Therefore, the expression of Eq. (2) for the
3

effective velocity offers limited potential as an engineering tool for the prediction of lift-off heights
because the constant C2 is not predicted and must be calibrated.

With a conceptual view on the mixing process between fuel and oxidizer concentric jets, Han and
Mungal [24] proposed the following expression for the stoichiometric velocity Us, such as would be
experienced by the lifted flame at its base:
𝑈𝑠 = Zst 𝑈𝑗 + (1 − Zst )𝑈𝑐

(3)

where Zst stands for the stoichiometric mixture fraction. By analogy with [25-27], it is possible to
define an effective velocity, to replace the bulk jet velocity in Kalghatgi’s model, as follows:
𝑈𝑒𝑓𝑓 = 𝑈𝑗 +

(1 − Zst )
𝑈𝑐
Zst

(4)

The benefit of Eq. (3) is that effects of the co-flow may now be predicted because the stoichiometric
mixture fraction can be easily calculated. It is Z st = 0.055 for methane, yielding Ueff = Uj + 17.2Uc.
Equation (4) and Eq. (2) with C2 = 50 do not predict the same effective velocity for methane jets in
air. In addition, Eq. (3) does not include any density weighted terms. Finally, Eq. (3) is only valid for
a Schmidt number of unity, which does not account for effects of fuel and turbulence. To the best of
the authors’ knowledge, Eq. (4) has never been challenged using flame lift-off data.
1.2 Inadequacy of Kalghatgi’s model for low jet velocities

Whether it is calculated with Eq. (2) or (3), the effective velocity increases linearly with the co-flow
velocity. This is compatible with numerous experimental observations where the lift-off height
increases linearly with the co-flow velocity at fixed bulk jet velocity [10, 11, 25, 27]. Based on Eq. (1),
extrapolating the h vs Uj curves towards Uj = 0 yields h = 0 for a jet issuing into a quiescent
environment. Therefore, in the presence of a co-flow, extrapolating the h vs Uj curves towards Uj = 0
is expected to produce positive Y-intercepts. Careful examination of many of the lift-off data available
in the literature shows that this is not always the case. The h vs Uj curves of Moore and Lyons [27]
exhibit negative extrapolated Y-intercepts for methane and Uc  0.41 m.s-1. Those of Guiberti et al.
[22] show negative extrapolated Y-intercepts for methane and Uc  0.40 m.s-1 at 2 bar and
Uc  0.30 m.s-1 at 6 bar. A similar behavior is observed in [33] for a range of hydrocarbon fuels and
Uc = 0.10 m.s-1, in [34] for diluted co-flows with Uc = 0.10 m.s-1 and in [35] for diluted co-flows with
Uc = 0.27 m.s-1. Negative Y-intercepts are also observed in configurations not featuring a co-flow
4

(Uc = 0) in [11, 20]. Kalghatgi’s model enhanced to include co-flow effects using an effective velocity
(see Eqs. (2) and (4)) cannot predict this behavior and it is somewhat surprising that this behavior is
not discussed in any of the above studies that utilize or refer to Kalghatgi’s model.

Using simple scaling relations, Upatnieks et al. [36] came up with the following expression for the
lift-off height in absence of a co-flow:

ℎ = 𝐶3

𝑆
𝛼 (𝑈𝑗 − 𝑍 𝐿 )
𝑆𝐿 2

𝑠𝑡

(5)

Where C3 is a constant and 𝛼 is the thermal diffusivity. This expression shares many features with
Kalghatgi’s expression (Eq. (1)) but includes another term -SL/Zst that yields h < 0 for Uj = 0. It is
argued in [36] that the term -SL/Zst can often be neglected with respect to Uj. However, SL/Zst reaches
a non-negligible 10 % of Uj for methane at 1 bar if Uj = 62 m.s-1, which is larger than the bulk jet
velocities typically examined in the studies mentioned above. Therefore, it is possible that the -SL/Zst
term must be accounted for to explain the lift-off behavior of jet flames issuing into quiescent
environment or into a co-flow for low to intermediate bulk jet velocities. In addition, it is known that
Kalghatgi’s expression (Eq. (1)) is not valid for low bulk jet velocities yielding laminar or transitional
bulk jet Reynolds numbers [12].

In summary, while useful ingredients and partial expressions have been described in the literature,
there is currently no model able to capture quantitatively the effects of the co-flow on the lift-off
height and that is valid for a range of fuels, burner dimensions, and pressures. The present study
intends to fill this gap using data recorded for two fuels over a range of co-flow velocities and
pressures, as well as data available in the literature.

5

2. Experimental methods
Experiments are conducted in the high-pressure combustion duct (HPCD) available at the Clean
Combustion Research Center in KAUST. Its main features are shown in Fig. 1 and the reader is
referred to [22, 37] for more details. The burner assembly consists of a 0.57-m long stainless-steel
fuel tube featuring a D = 3.4-mm inner diameter and a 4.5-mm outer diameter with a square exit
profile. The fuel tube, which supplies methane or ethane, is surrounded by a 0.25-m diameter co-flow
nozzle providing a uniform air co-flow at velocities 0.20 m.s-1 ≤ 𝑈𝑐 ≤ 0.80 m.s-1. The HPCD is aircooled and its pressure is regulated by a dome-loaded back-pressure regulator. Therefore, co-flow air
must be supplied continuously to dissipate the flame’s thermal power and maintain the desired
pressure set-point. In this study, the fuel tube diameter is smaller than that used previously in [22] for
methane only, D = 4.6 mm, and this allows accommodating for the larger volumetric energy density
of ethane and maintain the thermal power within acceptable limits.
410 mm
HPCD
Fuel tube
Co-flow
nozzle
Band-pass
filter

ICCD camera

Fused silica
window

Fig. 1: Schematic of the experimental setup.

The fuel mass flow rate is regulated using two thermal mass flow controllers (Brooks SLA5851 and
SLA5853) featuring different full scales (49 and 189 slpm and 30 and 114 slpm for methane and
ethane, respectively) to ensure that metering is realized with optimal accuracy. These devices are
calibrated in-house using a gas flow calibrator (MesaLabs ML-1020) before experiments to maintain
an accuracy better than 1%. The smallest bulk jet Reynolds number Rej considered in this study is
Rej = 3700 which may be sufficiently high so that laminarization is unlikely. The air flow rate in the
co-flow nozzle is monitored by a thermal mass flow meter (FCI STP100) and is known with an
accuracy of 10%.

Figure 2 shows 15 s exposure broadband flame images recorded with a DSLR camera (Nikon D810
with AF-S Nikkor 24-120 mm lens, F/22, iso250) for four selected operating conditions yielding lifted
flames. Because these flames are longer than the widest HPCD side window (150-mm diameter), the
6

burner is mounted on a vertical translation stage so that different heights above the burner may be
imaged. A collection of images is then recorded at different successive burner heights before being
stitched together to yield the images shown in Fig. 2. In order to compensate for large differences in
the flames’ luminosity, neutral density filters of various optical densities are used and this is quantified
by an intensity factor in Fig. 2. This figure shows that pressure, fuel, and jet velocity have a large
Methane
1 bar
Uj = 24 m.s-1
Uc = 0.6 m.s-1

Ethane
1 bar
15
0.6

Methane
7 bar
10
0.3

Ethane
6 bar
13
0.6

x800

x40

x3

x1.25

100 mm
Fig. 2: Long exposure direct flame images. Images taken
at different heights are stitched together. An intensity
factor is provided for each image to allow comparison of
the flames’ luminosity.

influence on important flame properties such as their length and soot loading, but this is not the main
focus of this study and these flame images are shown here only for illustration purposes. However,
regardless of fuel and pressure, the base of the lifted flames examined here is always blue and soot
free. This blue flame base can only be seen in the left picture of Fig. 2 (recorded with methane at
P = 1 bar) because soot luminosity is very intense in the other flames and this imposes camera settings
that make the detection of the much less intense blue flame base difficult.

The lift-off height is measured with a 10241024 intensified CCD camera (Princeton Instruments PIMAX4) operated at 5 Hz and equipped with a band-pass filter (Asahi Spectra ZBPA310) to image the
flame’s OH* chemiluminescence. The procedure chosen to post-process images and infer the lift-off
height is summarized here and illustrated with Fig. 3. A typical OH* chemiluminescence snapshot,
recorded for methane at P = 4 bar, is shown in Fig. 3a. The corresponding histogram of pixels counts
is first computed, yielding Fig. 3b. Typically, such histogram exhibits a local minimum. Pixels with
7

counts lower that the counts at the local minimum correspond to the background while pixels with
larger counts are in regions where OH* chemiluminescence is detected. In the example of Fig. 3b, the
local minimum corresponds to 456 counts but this value depends on the soot loading and, therefore,
increases with pressure and is globally larger for ethane than for methane. This threshold value can
then be used to binarize the OH* chemiluminescence snapshot, separating zones with and without
OH* chemiluminescence (Fig. 3c) [38]. A total of 500 snapshots are collected for each operating
condition. The corresponding 500 binarized images are then averaged to yield the spatial distribution
of probability to find OH* chemiluminescence, i.e., a flame. This is shown in Fig. 3d. Along the
burner’s centerline, the lift-off height h is defined by the height above the nozzle giving a probability
of 0.5. The uncertainty on the measured lift-off heights, which is associated with the spatial resolution
of the optical arrangement, is smaller than 5 %. The size of symbols in the figures showing the liftoff heights gives an idea of the confidence range.

Fig. 3: (a) Snapshot of OH* chemiluminescence recorded
for methane at P = 4 bar. (b) Pixels counts histogram. (c)
Binarized OH* chemiluminescence. (d) Probability to
find OH* chemiluminescence and its profile along the
burner axis.

8

3. Results and discussion
The lift-off behavior of non-premixed jet flames is first analyzed in Sec. 3.1 by means of a parametric
study where pressure (1 bar ≤ 𝑃 ≤ 7 bar), bulk jet velocity (4 m.s-1 ≤ 𝑈𝑗 ≤ 30 m.s-1), co-flow
velocity (0.20 m.s-1 ≤ 𝑈𝑐 ≤ 0.80 m.s-1), and fuel (methane and ethane) are varied. In Sec. 3.2,
Kalghatgi’s model for the dimensionless lift-off height is challenged with these new data at elevated
pressure. In Sec. 3.3, data recorded at elevated pressure as well as data already available in the
literature are used to formulate an extension of Kalghatgi’s model that accounts for effects of the coflow.
3.1 A parametric study of the lift-off height
Figure 4a shows the measured lift-off height h as a function of the bulk jet velocity Uj for methane,
for seven pressures in the range 1 bar ≤ 𝑃 ≤ 7 bar, and a co-flow velocity of Uc = 0.30 m.s-1. First,
regardless of pressure, there is a linear relationship between h and Uj, which is compatible with Eq. (1).
Second, the slope  of the h vs U j curves (taken equal to the slope of the line providing the best fit of
the data in the least square sense) is positive and increases slowly but monotonically with pressure.
Third, the jet velocity yielding a given lift-off height decreases with pressure. Note that linear
extrapolation towards the Y-axis (see dashed lines) does not yield h = 0 for most of these curves,
which is not in accordance with Eq. (1). This is partly due to the non-zero co-flow velocity that is not
accounted for in Eq. (1). Also note that the extrapolated Y-intercepts are negative for P < 6 bar, which
is a feature already observed in [22].

Figure 4b shows the measured lift-off height h as a function of the bulk jet velocity Uj for ethane, the
same pressure range (1 bar ≤ 𝑃 ≤ 7 bar), and the same co-flow velocity of Uc = 0.30 m.s-1. Overall,
the lift-off height is much smaller for ethane than for methane for the same bulk jet velocity and coflow velocity. In addition, the data roughly collapse onto one curve for all the pressures investigated,
a feature that is not shared with methane. More importantly, all the conditions examined for ethane at
elevated pressure yield lift-off heights smaller than h = 0.015 m, which corresponds to h/D  4.5. It
could then be argued that, for ethane, the flame base sits closer to the nozzle exit plane (h/D < 6)
where the center of the jet is still dominated by the potential core [39, 40]. While increasing the bulk
jet velocity to values larger than Uj = 18 m.s-1 is not possible for ethane at elevated pressure due to
thermal limitations of the HPCD, lift-off heights corresponding to bulk jet velocities up to Uj = 29 m.s1 are

shown in Fig. 4b for P = 1 bar. Even if h increases monotonically with Uj over the whole range

investigated for ethane at P = 1 bar, there is a well-marked change in the slope of the h vs Uj curve
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κ
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0

0
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Uj [m.s-1]

30

5 bar
6 bar
7 bar
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(b)

Ethane
Uc = 0.30 m.s-1

h [m]

0.045
0.03

0.015
0

0

0.06
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Ethane
Uc = 0.60 m.s-1

20
Uj [m.s-1]

30

40

(c)

h [m]

0.045
0.03

0.015
0

0

10

20
30
40
Uj [m.s-1]
Fig. 4: (a) Lift-off height as a function of the bulk jet
velocity for methane at different pressures and a co-flow
velocity of Uc = 0.30 m.s-1. (b) Same for ethane and
Uc = 0.30 m.s-1. (c) Same for ethane and Uc = 0.60 m.s-1.

around Uj = 18 m.s-1. One explanation for this behavior is that, with increasing jet velocity, the flame
base exits the flow development region at this bulk jet velocity that corresponds to h/D  4.5.
This non-linear behavior cannot be predicted by Kalghatgi’s model (Eq. (1)) which is not meant to
capture the lift-off behavior so close to the nozzle. To challenge Kalghatgi’s model in regions of the
flow where it was meant to perform well, additional experiments were conducted with ethane and a
twice larger co-flow velocity Uc = 0.60 m.s-1. Results are shown in Fig. 4c. The lift-off height now
satisfies h/D > 5.4 for all the pressures investigated. Even for these larger co-flow velocities, the
h vs Uj curves continue to roughly collapse onto one curve. However, careful examination suggests
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that the slope  of the h vs Uj curves decreases slowly with pressure, which is the opposite trend as
the one observed for methane in Fig. 4a. Understanding effects of fuel and pressure on the slope  of
the h vs Uj curves is important because  is the only quantity that Kalghatgi’s model aims at predicting.
To promote a more quantitative analysis, the measured slopes  (hollow symbols) are plotted as a
function of pressure for methane (Uc = 0.30 m.s-1) and ethane (Uc = 0.60 m.s-1) in Fig. 5. The slope
increases slowly but continuously from  = 2.310-3 s at P = 1 bar to  = 3.010-3 s at P = 7 bar for
methane. Conversely, the slope decreases slowly from  = 2.010-3 s at P = 1 bar to  = 1.310-3 s at
P = 6 bar for ethane.
-3

10
Uc = 0.30 m.s-1
Uc ≠ 0.30 m.s-1

4

Methane

κ [s]

3
2
1
0

Uc = 0.60 m.s-1
Uc ≠ 0.60 m.s-1
0

2

Ethane
4
P [bar]

6

8

Fig. 5: Slope  as a function of pressure for methane with
Uc = 0.30 m.s-1 and ethane with Uc = 0.60 m.s-1.

Kalghatgi’s model was initially designed for jets in quiescent air and do not include any terms related
to the co-flow velocity. Therefore, it is interesting to check if modifying the co-flow velocity has an
influence on the slope . This is done here by conducting additional experiments for a range of coflow velocities and the corresponding h vs Uj curves are shown in Figs. 6a and 6b for methane and
ethane, respectively. At P = 1 bar and regardless of fuel, the lift-of height increases with the co-flow
velocity at any fixed bulk jet velocity but the slope  is not varying significantly with the co-flow
velocity. By extrapolation, this result suggests that the slope  would also be the same in quiescent air
with Uc = 0 m.s-1. It can then be argued that Kalghatgi’s expression could also be used to predict the
slope of these h vs Uj in the presence of a co-flow.
Figures 6a and 6b also show the h vs Uj curves measured for different co-flow velocities and both
fuels at elevated pressures of P = 7 bar for methane and P = 6 bar for ethane. It is evident that the coflow velocity now has a much larger influence on the h vs Uj curves. For each fuel, it is possible to
define two regions separated by a critical co-flow velocity below which the slope  is not sensitive to
the co-flow velocity and above which the slope  decreases with the co-flow velocity. In fact, if the
11
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Fig. 6: (a) Lift-off height as a function of the bulk jet
velocity for methane at P = 1 and 7 bar and different coflow velocities. (b) Same for ethane at P = 1 and 6 bar.

co-flow velocity becomes large enough, the lift-off height decreases with the bulk jet velocity in a
non-linear fashion and the slope  cannot be clearly defined. The critical co-flow velocity lies between
Uc = 0.30 m.s-1 and Uc = 0.40 m.s-1 for methane at P = 7 bar. For ethane at P = 6 bar, this critical
velocity is larger and ranges from Uc = 0.60 m.s-1 to Uc = 0.70 m.s-1. Also note that, above this critical
co-flow velocity, the lift-off height increases more rapidly with the co-flow velocity. Mechanisms
underlying the effects of large co-flow velocities and the reduction of the slope  have been the topic
of [22]. Reduction of the slope  when the co-flow velocity is increased was attributed in [22] to a
change in the flame stabilization mechanism from non-premixed edge-flames to premixed flames. Of
particular importance here is that for any fuel and pressure examined, there exists a co-flow velocity
range within which the slope  remains unchanged. This range is bounded by zero and a critical coflow velocity, function of fuel and pressure. The slopes measured within this range are also shown in
Fig. 5 (solid symbols). Beyond this critical co-flow velocity, the slope reverses due to a transition in
the stabilization mechanism.
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3.2 Validation of Kalghatgi’s model at elevated pressure
Since there exists a critical co-flow velocity below which the slope  is not a function of the co-flow
velocity, such slope should be predictable using Kalghatgi’s model (Eq. (1)) even if it does not account
for the influence of the co-flow. This is challenged here with the new data available at elevated
pressure. Rearranging the terms of Eq. (1) yields the following expression for the slope :

𝜅=

C1 g(𝜌̅ ) 𝜇𝑓

(6)

𝜌𝑓 𝑆𝐿 2

The slope is then very sensitive to the laminar burning velocity, which appears at the denominator and
is squared. Figure 7a plots the laminar burning velocity as a function of pressure for methane using
data available in the literature [41-45]. The laminar burning velocity computed with the premixed
laminar flame-speed calculation module available in Chemkin-Pro [46] and the USCII skeletal
chemistry mechanism [47] is also plotted as well as that obtained using an analytical expression based
on the overall reaction order n [48]: SL = 0.38P(n-2)/2 ≈ 0.38P-0.5. The laminar burning velocity
decreases with pressure and this is a well-known feature of methane. More importantly, there are
significant discrepancies between the models and the experiments, ranging from 6 % at P = 1 bar to
26 % at P = 5 bar. Since the laminar burning velocity is squared in Eq. (6), this translates into
imprecisions of 32 % at P = 1 bar and 52 % at P = 5 bar in the predictions of the slope . Therefore,
and given this uncertainty, it would be more appropriate not to compare the measured slopes of the
lift-off heights but rather to use the experimentally measured slope to extract the laminar burning
velocity from Kalghatgi’s correlation. This then will be compared to values of the laminar burning
velocity available in the literature. This is done by rearranging Eq. (1) as follows:
1

C1 g(𝜌̅ ) 𝜇𝑓 2
𝑆𝐿 = (
)
𝜌𝑓 𝜅

(7)

Figure 7a shows the laminar burning velocity computed using the measured slopes and Eq. (7) for
methane and all the conditions included in Fig. 5. The laminar burning velocity predicted by Eq. (7)
decreases from SL = 0.40 m.s-1 at 1 bar to SL = 0.13 m.s-1 at 7 bar. Agreement with values obtained
from the literature, simulations, and the overall reaction order is very good and differences lie within
the rather larger uncertainties of the measured and computed data. This confirms that Kalghatgi’s
model is able to predict the slope of the h vs Uj curves for methane up to P = 7 bar, as long as the coflow velocity does not exceed a critical value, which is larger than Uc = 0.60 m.s-1 at P = 1 bar and
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larger than Uc = 0.30 m.s-1 at P = 7 bar. This also suggests that Kalghatgi’s model would yield
accurate predictions of the slope in absence of a co-flow.
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Fig. 7: (a) Laminar burning velocity as a function of
pressure for methane, computed with Eq. (7) (black solid
symbols), the USCII mechanism, the overall reaction
order, or taken from the literature. (b) Same for ethane.

Figure 7b plots the laminar burning velocity computed using the measured slopes and Eq. (7) for
ethane and all the conditions included in Fig. 5. The laminar burning velocity predicted by Eq. (7)
also decreases with pressure, albeit at a slower rate than methane, with SL = 0.44 m.s-1 at 1 bar and
SL = 0.23 m.s-1 at 6 bar. These values may also be compared to that from the literature [44, 49-54] and
the overall reaction order (n ≈ 1.36 for ethane [55]), yielding SL ∝ P-0.32. Figure 7b shows that Eq. (7)
captures well trends and numbers of the laminar burning velocity as a function of pressure for ethane.
Therefore, Kalghatgi’s model also performs well for ethane up to P = 7 bar. Note that, in the above,
the methane and ethane overall reaction orders take different but constant values. This is a
simplification because the overall reaction order is known to be a weak function of pressure [48].
However, laminar burning velocity predictions based on a constant overall reaction order are
satisfying (see Fig. 7) and neglecting effects of pressure on the overall reaction order is not expected
to influence the results discussed here.
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The adequacy of Kalghatgi’s model was proven previously for propane up to P = 5.5 bar but only up
to Re = 5,500 [21]. Reynolds numbers examined in the present study peak at Re = 22,000 for methane
and Re = 57,500 for ethane. It is then safe to conclude that the performances of Kalghatgi’s model in
predicting the slope of the h vs Uj curves are good over a range of fuels, including at least C1 to C3
alkanes, and over a large range of Reynolds numbers.

As mentioned earlier, such statement is only valid if the co-flow velocity does not exceed a critical
value, which is a function of fuel and pressure. Slope inversion ( = 0) was found to correspond
roughly to Uc = 3SL in [22] using data for methane at P = 3 and 6 bar and ethylene at P = 1 bar [10].
This is also verified with new data reported here for ethane at P = 6 bar with a slope inversion
observed for Uc = 0.70 m.s-1  3.0SL. Because slope inversion is attributed to a transition from nonpremixed to premixed modes of combustion [10, 22], there must exist a co-flow velocity range, within
which Uc < 3SL, where the flames are partially-premixed. In this range, the slope of h vs Uj curves
decreases progressively with the co-flow velocity even though it remains positive. Values of the coflow velocity below which slope is shown to remain unaffected are summarized in Tab. 1. Table 1
includes data from the present study and [10, 22], corresponding to four different fuels and four
different pressures. It shows that the slope is not a function of the co-flow velocity if the latter does
not exceed a critical value close to 1.5 to 2 times the laminar burning velocity. Note that, in some
cases, the slope reduction due to large co-flow velocities cannot be observed because blow-out occurs
first when the co-flow velocity is increased [10]. This is, for example, the case for methane at
P = 1 bar. Also note that, while transition from non-premixed to premixed modes of combustion is
associated with increased lift-off heights [10, 22], it is not possible to predict such transition with a
criterion based on a lift-off height h or h/D. Indeed, Fig. 6 clearly shows that the same lift-off height
h = 0.08 m features a positive slope (edge-flame) for methane for P = 1 bar and Uc = 0.60 m.s-1 while
it is negative (premixed or partially-premixed flame) for P = 7 bar and Uc = 0.48 m.s-1. A similar
behavior is observed for ethane.
Tab. 1: Measured co-flow velocity below which the slope  of the h vs Uj is shown to remain unaffected.

Uc [m.s-1]
Methane

1 bar
0.60 = 1.8SL

2 bar
0.60 = 2.5SL [22]

6 bar
0.37 = 2.7SL [22]

7 bar
0.30 = 2.3SL

Ethane

0.60 = 1.6SL

N/A

0.60 = 2.8SL

N/A

Ethylene

1.50 = 2.1SL [10]

N/A

N/A

N/A

Propane

0.80 = 2.0SL [10]

N/A

N/A

N/A
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3.3 Extension to co-flow configurations

Figure 8 plots the dimensionless lift-off height as a function of the dimensionless bulk jet velocity
following Kalghatgi’s model (Eq. (1)). Results shown in Fig. 8 exclude those for which the co-flow
velocity exceeds the threshold value defined by Tab. 1 and also include data from [22], recorded for
methane and a larger fuel tube. It is evident that all the slopes feature a value close to unity (see dashed
line), which confirms the good performance of Kalghatgi’s model. However, it is obvious that the
collapse of the data is poor and this is attributed to the presence of a co-flow that is not accounted for
in Eq. (1). The objective of this section is then to develop a corrective term that should be added to
Kalghatgi’s model to capture co-flow effects and collapse all the data onto a single line defined by the
dashed line in Fig. 8a.

By analogy with [24-26], an effective velocity is defined here and is expressed as a function of the
bulk jet velocity as follows: Ueff = Uj + U0. At this stage, the expression of U0 is not provided but its
numerical value can be obtained, for each fuel-pressure-co-flow velocity trio, by fitting the available
data to the line of unity slope and zero Y-intercept (dashed line in Fig. 8a). This is shown in Fig. 8b.
Note that the value of U0 changes when fuel, pressure, or co-flow velocity are changed.
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Fig. 8: (a) Dimensionless lift-off height as a function of
the dimensionless bulk jet velocity for all the conditions
reported in Figs. 5 and 6 that also meet the criteria that 
is not a function of Uc. (b) Same but with an additional
term U0 tailored to yield a zero Y-intercept.

Values of U0 found for methane with Uc = 0.30 m.s-1 (black circles for present data (D = 3.4 mm) and
black stars for data from [22] (D = 4.6 mm) and ethane with Uc = 0.60 m.s-1 (orange diamonds) are
plotted as a function of pressure in Fig. 9. The following observation can be made:
•

Regardless of the fuel, U0 increases with pressure. This increase does not seem to be linear
due to a slight inflection around P = 1 bar. However, a linear fit of the data would remain
within error bars.

•

The velocity U0 is larger for ethane than for methane and this is likely to be attributed to the
larger co-flow velocity.

•

Discrepancies between values obtained for the present data (D = 3.4 mm) and previous data
(D = 4.6 mm) [22] lie within the confidence range, suggesting that the fuel tube inner diameter
and wall thickness do not have a significant influence on the effective velocity.

•

For methane, negative values of U0 are found if P < 6 bar.
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Fig. 9: U0 as a function of pressure for methane with
Uc = 0.30 m.s-1 and ethane with Uc = 0.60 m.s-1. Symbols
and lines show measured and predicted values (using
Eq. (9)), respectively.

Figure 10 shows U0 as a function of the co-flow velocity for different pressures for methane (Fig. 10a)
and ethane (Fig. 10b). Regardless of fuel and pressure, U0 increases with the co-flow velocity. In
addition, U0 increases with pressure and this is compatible with Fig. 9. Globally, for the same pressure
and co-flow velocity, U0 is larger for methane than for ethane. Findings of Figs. 9 and 10 are
compatible with an expression for the effective velocity that would combine features of
Eqs. (2), (4), and (5) as follows Ueff = Uj + AUc – BSL, where A and B take values that depend on fuel,
and effects of pressure are through the laminar burning velocity. Therefore, the following expression
is proposed for the effective velocity:
1

𝑈𝑒𝑓𝑓

𝜌 2
1.5 (𝜌𝑜 ) (𝑈𝑐 − β𝑆𝐿 )
𝑓
= 𝑈𝑗 +
Sct Zst

(8)

Where Sct stands for a turbulent Schmidt number and  is a constant. Introduction of a turbulent
Schmidt number allows accounting for different spread rates of velocity and species. The coefficient
1.5 in front of the density term is added for consistency with [56]. The coefficient  multiplies the
laminar burning velocity because the actual flame base propagation velocity along the stoichiometric
contour is an edge-flame speed, that was shown to be close but not necessarily strictly equal to the
laminar burning velocity [11, 22].
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The definition of the effective velocity given by Eq. (8) is now tested against the data presented in
Figs. 5 and 6 as well as data from the literature [10, 11, 22, 27]. This is shown in Fig. 11 that plots the
measured lift-off height as a function of the effective velocity for a range of fuels, co-flow velocities,
pressures, and burner dimensions. For each fuel-pressure-burner configuration trio, values of Sct and
 providing the best fit of the data are used, which allows accounting for the dependency of the
turbulent Schmidt number and edge-flame speed to each specific configuration. Figure 11 shows that
an effective velocity that depends on the co-flow velocity, the stoichiometric mixture fraction, the
laminar flame speed, the oxidizer to fuel density ratio, and a turbulent Schmidt number provides a
good collapse of the lift-off data. Worst performances are obtained with the data of [27], for methane
at P = 1 bar and their largest fuel nozzle (D = 5.0 mm), with a coefficient of determination equal to
R2 = 0.91. This behavior may be attributed to the rather large co-flow velocity considered in this case
Uc = 0.64 m.s-1. Indeed, data from Brown et al. [10] showed that for methane and P = 1 bar, linearity
between lift-off height and co-flow velocity is lost if Uc > 0.45 m.s-1. Similar behavior was observed
in [10] for propane if Uc > 0.80 m.s-1 and ethylene if Uc > 2.0 m.s-1. This suggests that there is a
critical co-flow velocity, which is a function of the fuel, above which the definition of an effective
velocity following Eq. (8) ceases to be valid.
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Fig. 11: Measured lift-off height as a function of the effective velocity for a range of fuels, co-flow velocities,
pressures, and burner dimensions.

The turbulent Schmidt numbers yielding a good collapse of the data range from Sc t = 0.41 to
Sct = 0.98, with an average value of Sct = 0.75. These values are within the range of Schmidt numbers
typical encountered in turbulent flows [57] and the average value is close to that often used in turbulent
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jet flow and combustion modeling Sct = 0.70 [58-60]. Values of  range from  = 0.37 to  = 2.15,
with  = 1.24 on average. Again, this is compatible with typical values of the edge-flame speed that
are comprised between 0 and 3SL [11, 22] and are found equal to 1.5SL in [61]. The variability of Sct
and  observed here may be also partly attributed to experimental uncertainties. In an effort to provide
a model with predictive capabilities that do not require calibration, values Sct = 0.70 and  = 1.50 are
retained. These values are statistically representative of the available data and are physically
meaningful [59, 61].

Figures 9 and 10 show predicted values of U0 (solid lines) if these are computed as follows:
1

𝜌 2
1.5 ( 𝑜 ) (𝑈𝑐 − 1.5𝑆𝐿 )
𝜌𝑓
𝑈0 =
0.7Zst

(9)

Predictions from Eq. (9) are in good agreement with measured values except for methane at P = 1 bar
and ethane at P = 6 bar for Uc = 0.30 m.s-1. Reasons of this mismatch for methane are not clear but
the mismatch for ethane can be attributed to the small co-flow velocity that does not allow the flame
base to stabilize away from the flow development region (see Fig. 4b), where many of the assumptions
required to construct Kalghatgi’s model are not satisfied.

Figure 12 plots the dimensionless lift-off height as a function of the dimensionless effective velocity
computed with Eq. (8) and Sct = 0.70 and  = 1.50 for the same data used in Fig. 8. There is a good
collapse of all the lift-off data on the unity slope and zero Y-intercept curve. This confirms that
Kalghatgi’s model augmented with a term designed to account for effects of the co-flow yields good
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results and this has been verified for two fuels, two fuel tube diameters, and wide ranges of pressure
and co-flow velocity.
3.4 Discussion
Figure 11 shows that there are large variations of the value of  providing the best collapse of the liftoff data and that those depend on the burner configuration and fuel. Careful examination of the
distribution of  shows that, on average, values of  for the data recorded by the authors at atmospheric
and elevated pressure, in the present study and in [22], are larger ( = 1.62) than that obtained from
the literature data available at atmospheric pressure ( = 0.85). On average, lifted flames reported here
and in [22] sit closer to the nozzle than that observed in [10, 11, 27, 33]. While it can be argued that
large variations of turbulent Schmidt number are expected when the configuration is changed [57],
there is limited physical ground justifying such large variations of , which are synonymous with large
variations of the ratio of the edge-flame speed to the laminar burning velocity. Variations of  with
burner configuration, fuel, and/or pressure may be partly attributed to variations in the degree of
stratification immediately upstream of the edge-flame, which could affect its propagation speed.
Another possible explanation is that Kalghatgi’s model, even augmented with an effective velocity,
does not account for the jet virtual origin. Previous work has shown that, to improve predictions of
the velocity field, it is useful to correct the axial distance from the nozzle exit by adding to it the
distance from the nozzle exit to the virtual origin h0 [56]. The schematic of Fig. 13a shows the structure
of two concentric jets in the near-field. Important features include the length of the potential core, the
half jet width (defined at each axial location as the distance from the centerline to the location where
the local mean velocity is equal to half of the mean centerline velocity), which is a measure of the jet
spreading rate, and the position of the virtual origin (location of the intersection of the extrapolated
jet contour and the centerline).
The virtual origin is not considered in Kalghatgi’s model. As a consequence, the further the virtual
origin is from the nozzle exit, the poorer are Kalghatgi’s model predictions. Therefore, if the presence
of a co-flow modifies the location of the virtual origin, the flame lift-off height changes but this effect
is not captured by Kalghatgi’s model, even augmented with an effective velocity. Schematics of
Fig. 13a-b show that two jets with different spreading rates, indicative of different mixing efficiencies,
typically feature different virtual origins. This was demonstrated experimentally in [62]. Because the
presence of a co-flow influences the jet spreading rate through density, velocity, and Reynolds number
effects [32, 63-67], it is clear that the presence of a co-flow displaces the virtual origin, the extent of
which is a function of the co-flow velocity and density. This is confirmed by works of Chu et al. [64]
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and Uddin and Pollard [66]. Figure 13c shows the structure of two concentric jets if a recirculation
zone exists in the wake of the nozzle. In such a case, mixing is retarded and the virtual origin shifts
downstream [66]. In some cases, this phenomenon has been shown to yield virtual origin located
downstream of the nozzle exit [63].

(a) Small spreading rate

(b) Large spreading rate

(c) With recirculation zone
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Fig. 13: Schematics showing the structure of two concentric jets featuring different spreading rates or a recirculation zone.

The minimum value found for  in Fig. 11 is  = 0.37 for the data of Muñiz and Mungal [11] with
methane at P = 1 bar. The maximum value is  = 2.15 for the data of Guiberti et al. [22] with methane
at P = 6 bar. Both cases feature the same fuel and a similar co-flow velocity range but the dimensions
of the burner and the pressure are different. Based on [32, 63-67], pressure is not expected to enhance
significantly effects of the co-flow, except indirectly through the Reynolds number. The fuel tube
inner diameter is close to D = 4.6 mm in both cases but the outer diameters are 6.4 mm and 9.5 mm
in [22] and [11], respectively. This leads to very different nozzle wall thicknesses of 0.9 mm and
2.4 mm, respectively. It can then be argued that a recirculation zone may be produced in the wake of
the rather thick nozzle wall in [11] but not in [22]. Therefore, both cases could feature very different
virtual origin locations which could explain, at least partly, why flames of [11] are stabilized further
away from the nozzle than that of [22] even for the same fuel, co-flow velocity, and pressure. It is
then possible that large variations of nozzle dimensions require slight adjustments of the parameters
 and Sct of the model presented in Eq. (8).
Furthermore, due to the thermal power limitation of the HPCD, the bulk jet velocities examined in the
present study and in [22] are smaller than that typically used in [10, 11, 27, 33]. In addition, the co23

flow nozzle used in the present study and in [22] is larger than that used in [10, 27, 33]. This translates
into different co-flow Reynolds numbers Rec and different co-flow Reynolds number to jet Reynolds
number ratios Rec/Rej, as shown in Fig. 14. Most of the data taken from the literature feature laminar,
transitional, or slightly turbulent co-flows while the co-flow is always turbulent in the present study
and in [22], with Reynolds numbers up to Rec = 60,200. In addition, the co-flow Reynolds number to
jet Reynolds number ratio is globally smaller than unity for the data of [10, 11, 27] while it is almost
always larger than unity for the present study and in [22]. In comparison to free jets, the presence of
a laminar co-flow was shown to stabilize the shear layer, due to reduced shear, and slow down mixing
[64-67]. However, it can be argued that if the co-flow has a Reynolds number larger than that of the
jet, the presence of the co-flow may destabilize the shear layer and promote mixing [31]. This may
explain why lifted flames examined here or in [22] for P = 1 bar and co-flow velocities up to
Uc = 0.20 m.s-1 sit closer to the nozzle than those stabilized without a co-flow in [11, 27].
5
2900

Rec\Rej [-]

4

This study
Guiberti 2019
Moore 2010

3
2
1

Brown 1999
0

0

2

Muniz 1997

4
Rec [-]

6

8
10

4

Fig. 14: Rec/Rej as a function Rec for all the data
examined in this study and in Fig. 11.

All of the above may explain why a range of different values of  are found in Fig. 11. Such
differences are expected given that the correlation is, in its core, rather empirical. This, however
should not take anything away from its usefulness not only in characterizing a broad range of lifted
flames but also in providing a much-improved understanding of the mechanism of stabilization.
Further improvement of this correlation may be made by including the virtual origin in the
formulation. This, however, is beyond the scope of this paper.

4. Conclusions
This paper reported an experimental investigation of the effects of elevated pressures and co-flow on
the lift-off behavior of non-premixed turbulent jet flames. The results were first interpreted based on
Kalghatgi’s model, which was then extended to account for effects of the co-flow. The main findings
are:
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•

Kalghatgi’s model is able to predict accurately the slope of the lift-off height vs bulk jet
velocity curves even in the presence of a co-flow, as long as the co-flow velocity does not
exceed a critical value close to 1.5 to 2 times the laminar burning velocity. This has been
verified for methane and ethane fuels, pressures up to 7 bar, and jet Reynolds numbers up to
Re = 57,500.

•

Extending Kalghatgi’s model by replacing the bulk jet velocity with an effective velocity
allows predicting effects of the co-flow on the lift-off height. The proposed effective velocity
depends on co-flow velocity, the stoichiometric mixture fraction, the laminar flame speed, the
oxidizer to fuel density ratio, and a turbulent Schmidt number. Such expression for the
effective velocity is not applicable for co-flow velocities larger that a critical value, also close
to 1.5 to 2 times the laminar burning velocity.

•

The proposed effective velocity includes a term that explains why the Y-intercept of the liftoff height vs bulk jet velocity curves is often negative for zero or low co-flow velocities. This
behavior cannot be predicted by Kalghatgi’s original model and is usually not discussed, or
hidden.

•

The complexity of the shear layer dynamics between a turbulent central jet and an annular coflow is such that there are additional parameters, such as the location of the virtual origin, that
may play an important role in the flame lift-off and these are not accounted for in the proposed
model. At this stage, it is not clear how exactly the model could be improved or if it is even
possible to come up with a general expression that is valid for any configuration.
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