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Abstract
The stability limits of a turbulent flame in a practical combustor are important characteristics that
influence its performance. The mechanisms controlling the stability limits of turbulent non-premixed
flames are examined here in the canonical configuration of a fuel jet in co-flow air. This study focuses
on the conditions leading to the detachment of flames from the injector nozzle by means of an
experimental parametric study in which pressure (1  P  10 bar), fuel (methane and ethane), nozzle
wall thickness (t = 0.20 mm, 0.58 mm, and 0.89 mm), jet velocity (0.5  Uj  16.5 m.s-1), and co-flow
velocity (Uc = 0.3 m.s-1, 0.6 m.s-1, and 0.9 m.s-1) are varied. It is shown that the mechanism leading to
detachment depends on the ratio of the nozzle wall thickness to the laminar flame thickness. If this
ratio is smaller than 3, the nozzle is “thin” and type I detachment occurs (flame base stability lifting).
In this case, the detachment velocity decreases with pressure and is proportional to the laminar burning
velocity. If the ratio is larger than 3, the nozzle is “thick” and type II detachment occurs (local flame
extinction lifting). Then, the detachment velocity is controlled by the extinction strain rate.
Experiments also show that the Kolmogorov scale of turbulence regulates local flame extinction and
type II detachment and a model is proposed to predict detachment for any fuel, pressure, and nozzle
wall thickness using the computed extinction strain rate and the Kolmogorov time scale. Finally, the
data show that elevating pressure allows stabilizing attached non-premixed jet flames with high
Reynolds numbers without the need for complex stabilization strategies such as pilot flames, swirl, or
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oxygen/hydrogen enrichment. Pressure allows studying flame/turbulence interactions at Reynolds
numbers relevant to practical applications while conserving simple configurations amenable to
diagnostics and modeling.
Keywords: Jet flame; Elevated pressure; Detachment; Lift-off; Local extinction; Kolmogorov scale
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1. Introduction
Flame stability limits refer to a broad range of conditions that disturb the otherwise steady behavior
of a flame and such effects can range from lift-off from the burner lip to intermittent blow-off, to
transient fluctuations induced by heat release and unsteady pressure feedback. Stability limits or
transfer functions are usually employed to characterize relevant aspects of flame stability and
determine operational boundaries. Operating within these boundaries is key to maximizing the flame’s
performance with respect to efficiency, emissions, and safety. Understanding flame stability remains
a challenge and the interested reader is referred to a number of detailed reviews [1-5].This paper is
concerned with the specific issue of flame detachment or lift-off with the objective of shedding light
on the factors controlling this behavior at atmospheric as well as high pressure environments.

Turbulent non-premixed jet flames are either attached to the injector nozzle, lifted, or blown-out [6,
7] and boundaries between these three states are controlled by a number of parameters, including the
velocity Uj. Starting with an attached flame that is not stabilized by other means such as pilot or
recirculation, increasing the jet velocity will lead to detachment resulting in either flame lift-off or
blow-out. In the case of a lifted flame, if the jet velocity is further increased, the flame eventually
undergoes blow-out. Stability limits of turbulent non-premixed jet flames, mostly at atmospheric
pressure, have been studied extensively with various theories proposed about the controlling
mechanism of detachment and/or stabilization [6, 8-13].

Depending on the nozzle configuration, two distinct flame detachment mechanisms can occur as the
jet velocity is increased. These were extensively described by Takahashi and Schmoll [6] in their
investigation of turbulent non-premixed jet flames at atmospheric pressure:
•

Type I: Flame base stability lifting: In this case, flame detachment occurs when the velocity
at the base of the flame exceeds the local maximum burning velocity, considered to be equal
to the laminar burning velocity SL [6]. This is an aerodynamic mechanism.

•

Type II: Local flame extinction lifting: In this case, detachment is triggered by local extinction
of the flame front at a breakpoint generally located downstream of the flame base. Flameturbulence interactions here play an important role [6, 13-16].

Based on experimental and numerical observations at atmospheric pressure [6, 8, 9], it is possible to
discriminate between type I and type II detachment mechanisms depending on whether the injector
nozzle is “thin” (type I) or “thick” (type II) compared to a representative flame thickness. This
characteristic length may be the laminar flame thickness [9] or the quenching distance [6]. With type I
detachment, the limiting jet velocity should increase with increasing laminar burning velocity SL or
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decreasing co-flow velocity Uc. This is because both SL and Uc influence the local balance at the flame
base. If the nozzle wall thickness is large in comparison to a representative flame thickness (type II),
the flame base is anchored in the low velocity region delineated by the recirculation zone in the wake
of the nozzle rim. In this case, the flame base is tucked-away and protected from the incoming flow,
and hence expected to be fairly insensitive to both SL and Uc. It was shown in [6] that the detachment
velocity in type II detachment is the result of extinction events due to high strain rate experienced by
the flame. The detachment velocity is then a function of the extinction strain rate ext and is, therefore,
a function of the fuel and pressure.

While detachment of turbulent non-premixed jet flames has been studied extensively at atmospheric
pressure [6, 8-12], experimental data remain very scarce for higher pressures [17] relevant to practical
combustion devices. Some detachment data obtained at elevated pressure is available in a recent study
by Bang et al. [17] but the main focus of that study was laminar, transition, and low-Reynolds-number
turbulent regimes (up to Re = 5,500). The present study focuses on the detachment mechanisms of
turbulent non-premixed jet flames at high Reynolds number and over a range of pressures extending
up to Re = 48,300 and P = 10 bar. Other relevant parameters such as nozzle wall thickness, fuel, coflow velocity, and jet velocity are varied. Increasing pressure allows studying effects of modifying the
laminar burning velocity without changing the fuel [18]. In addition, increasing pressure has a large
influence on the representative flame thickness [18-20], whether it is the laminar flame thickness or
the quenching distance, and is, therefore, a promising way to switch between “thin” and “thick”
nozzle regimes without actually changing the nozzle dimensions.
2. Experimental setup and methods
Experiments are conducted at pressures up to P = 10 bar 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 more details are available elsewhere [20-22]. The burner consists of a 0.57-m long

Fig. 1: Schematic of the experimental setup.
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stainless steel tube surrounded by a 0.25-m diameter co-flow nozzle providing an air co-flow of
velocities Uc = 0.3 m.s-1, 0.6 m.s-1, or 0.9 m.s-1. The uniformity of the co-flow velocity at the exit of
the co-flow nozzle is within 10 %.

Three burner nozzles of different dimensions are examined in this study and these are shown in Fig. 2.
These nozzles feature different inner and/or outer diameters so that three different nozzle wall
thicknesses are achieved: t = 0.20 mm, 0.58 mm, and 0.89 mm. The two nozzles with t = 0.58 mm
and 0.89 mm have square exit profiles while the nozzle with t = 0.20 mm is tapered. 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. Two fuels are examined, namely methane and ethane. For ethane, only the nozzle
with the smaller inner diameter (ID = 3.35 mm corresponding to t = 0.58 mm) is used and this allows
accommodating for the larger volumetric energy density of ethane and maintain the thermal power
within acceptable limits.

Fig. 2: Schematic of the three nozzles used.

5

The fuel mass flow rate is regulated using two thermal mass flow controllers for each fuel (Brooks
SLA5851 and SLA5853) featuring two different full scales (49 and 189 slpm for methane and 30 and
114 slpm for ethane) to ensure that metering is realized near the full scale of each device, with optimal
accuracy. These mass flow controllers are calibrated with air using a gas flow calibrator (MesaLabs
ML-1020) prior to experiments to maintain an accuracy better than 1% for all conditions. The flow
rate of air entering the co-flow nozzle is monitored by a thermal mass flow meter (FCI STP100) and
is maintained within 10% of the desired set point.

Fig. 3: 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. The nozzle with t = 0.58 mm was
used for these images.
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Figure 3 shows long exposure (15 s) direct flame images recorded with a DSLR camera (Nikon D810
with AF-S Nikkor 24-120 mm lens, F/22, iso250) for eight selected operated conditions. Flames in
the top row are attached and the jet velocity corresponds to 80 % of the detachment jet velocity in
each case. Flames in the bottom row are lifted. Because flames are much longer than the 150-mm
diameter side windows, the burner is mounted on a vertical translation stage and a collection of images
is recorded at different successive burner heights before being stitched together to yield the images
shown in Fig. 3. Neutral density filters of various optical densities are installed in front of the camera
lens in order to compensate for large differences in the flames luminosity and this is quantified by an
intensity factor in Fig. 3. Figure 3 shows that pressure, fuel, and jet velocity have a large influence on
the flame height and soot loading. However, these features are not the main focus of this study and
comprehensive studies on effects of pressure on the flame height and soot loading of turbulent nonpremixed jet flames will be reported elsewhere. Instead, Fig. 3 is shown here only for illustration
purposes.
Starting with an attached laminar flame with Uj = 0.5 m.s-1, flame detachment is reached by
progressively increasing the jet velocity Uj in small increments of 0.20 m.s -1 and is detected by eye
through one of the HPCD’s side windows. In each case, a minimum of five replicates are done to
ensure statistical convergence of the measured detachment jet velocity Ud and assess its variability,
which was 1.6 m.s-1 (equivalent to 8 %) at most. Because the jet velocity is increased slowly in these
experiments, thermal steady-state is always reached at the time of detachment and effects of different
burner nozzle temperatures on detachment are not considered here.

3. Results and discussion

The physical mechanisms leading to flame detachment are examined here by means of a
comprehensive parametric study. Section. 3.1 successively shows the influence of pressure
(1  P  10 bar), nozzle wall thickness (t = 0.20 mm, 0.58 mm, and 0.89 mm), co-flow velocity
(Uc = 0.3 m.s-1, 0.6 m.s-1, and 0.9 m.s-1), and fuel (methane and ethane) on the measured detachment
velocity. Using these data, a criterion to predict whether type I or type II detachment mechanism
occurs is proposed in Sec. 3.2. In Sec. 3.3, a model to predict the detachment velocity in type II
detachment is suggested. Results shown in Sec. 3.4 are used to explain how resorting to elevated
pressure allows pushing attached non-premixed jet flames to higher levels of turbulence without
facing lift-off or blow-off. Finally, potential effects of the burner lip temperature are briefly discussed
in Sec. 3.5.
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3.1. A parametric study of the detachment velocity

Figure 4 shows the measured detachment velocity Ud as a function of pressure for methane with
Uc = 0.6 m.s-1 and the three different nozzle wall thicknesses t = 0.20 mm (red squares), 0.58 mm
(blue triangles), and 0.89 mm (black circles). It is evident that both pressure and nozzle wall thickness
have a large influence on the flame detachment behavior. More specifically, the following points are
noted:
•

For the thinner nozzle with t = 0.20 mm, the detachment velocity decreases monotonically
with pressure. It is Ud = 11.6 m.s-1 at P = 1 bar and Ud = 3.4 m.s-1 at P = 10 bar. The
detachment velocity scales with P-0.5 (see solid red trend line).

•

For the thicker nozzles with t = 0.58 mm and 0.89 mm, there is a non-monotonic behavior of
the detachment velocity with pressure. The detachment velocity first decreases with pressure
up to P  3 bar. Then, it increases slowly with pressure up to P = 4.5 bar or P = 3.5 bar for
t = 0.58 mm and 0.89 mm, respectively. The detachment velocity finally decreases with
pressure again up to P = 10 bar, albeit at a slower rate.

•

Regardless of the nozzle wall thickness, there exists a critical pressure below which the
detachment velocity scales with P-0.5 (see solid trend lines). This critical pressure is P  3 bar
for t = 0.58 mm and P  2 bar for t = 0.89 mm. It is larger than P = 10 bar for t = 0.20 mm.

Fig. 4: Measured detachment velocity (symbols) as a function
of pressure for methane and Uc = 0.6 m.s-1 and the three
different nozzles. Solid lines show -0.5 power law
dependencies on pressure.

It should be noted that the laminar burning velocity SL also scales with P-0.5 for methane [18, 19, 23,
24]. This is due to the fact that SL is expected to scale with P(n-2)/2 [18], where n is the overall reaction
order, and n is close to unity for methane [18, 19, 24]. The detachment velocity is then proportional
to the laminar burning velocity regardless of pressure if the nozzle is very thin (t = 0.20 mm) or is
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proportional to the laminar burning velocity regardless of the nozzle wall thickness if the pressure is
low enough (P  2 bar). This corroborates the previous findings of [6] that the aerodynamic type I
detachment mechanism is associated with the “thin” nozzle regime.
The non-monotonic behavior of the detachment velocity with pressure for the two thicker nozzles
suggests that flames exhibit a change in their detachment mechanism as pressure is increased. This is
consistent with the fact that the representative flame thickness, whether it is the laminar flame
thickness or the quenching distance, decreases with pressure [18-20, 25-27] and that a nozzle with a
fixed wall thickness may be considered “thin” in comparison to this representative flame thickness at
P = 1 bar but becomes “thick” above a higher critical pressure.

Figure 5 shows the measured detachment velocity Ud as a function of pressure for methane with
t = 0.89 mm and the three different co-flow velocities Uc = 0.3 m.s-1 (red squares), 0.6 m.s-1 (black
circles), and 0.9 m.s-1 (blue triangles). The following points are noted:
•

Regardless of the co-flow velocity, there exists a pressure below which the detachment
velocity scales with P-0.5 (see solid trend lines), which is consistent with Fig. 4.

•

If P < 3 bar, the detachment velocity decreases as the co-flow velocity increases. This is
consistent with the aerodynamic detachment type I observed for “thin” nozzles in [6].

•

If P  3 bar, the detachment velocity is somewhat insensitive to the co-flow velocity with
discrepancies lying within error bars. Comparing these results to those of [6] suggests that
flames for P  3 bar exhibit type II detachment behavior, associated with the “thick” nozzle
regime.
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In Fig. 5, effects of the co-flow depend on the pressure, which provides further evidence that pressure
influences the detachment mechanism. Regardless of the nozzle wall thickness, the attached flame is
never strictly anchored to the nozzle tip but sits away from it, at a distance equal to some quenching
distance. Type I detachment occurs when the stream velocity at the flame base exceeds the local
maximum burning velocity. The stream velocity at the flame base is a weighted function of the jet and
co-flow velocities and their respective contributions are a function of the stoichiometric mixture
fraction [28]. Therefore, type I detachment can be reached either by increasing the jet velocity or the
co-flow velocity, which explains the findings of Fig. 5 and corroborates those of [6].

Fig. 5: Measured detachment velocity (symbols) as a function
of pressure for methane and the nozzle with t = 0.89 mm and
three different co-flow velocities. Solid lines show -0.5 power
law dependencies on pressure.

Fig. 6: Measured detachment velocity (symbols) as a function
of pressure for Uc = 0.6 m.s-1 and the nozzle with t = 0.58 mm
and methane and ethane fuels. Solid lines show -0.5 and -0.32
power law dependencies on pressure.

In the “thick” nozzle regime, the distance between the flame base and the nozzle tip is also equal to
some quenching distance but is now smaller compared to the nozzle wall thickness. The flame is then
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tucked away in the wake of the nozzle and the flame base velocity is close to zero and is much less
sensitive to the jet and co-flow velocities. This is also compatible with findings of [6].
Figure 6 shows the measured detachment velocity Ud as a function of pressure for Uc = 0.6 m.s-1 with
t = 0.89 mm and the two different fuels, methane (blue triangles) and ethane (red circles). Ethane
exhibits a similar behavior to that of methane. The detachment velocity has a non-monotonic behavior
with pressure. The detachment velocity is somewhat insensitive to pressure if 2.5  P  8 bar and it
decreases monotonically with pressure if P  2 bar. Note that if P  2 bar, the detachment velocity for
ethane scales well with P-0.32. The detachment velocity is then also proportional to the laminar burning
velocity because the overall reaction order of ethane is n  1.36, yielding SL  P(n-2)/2 = P-0.32. Also
note that the detachment velocity is larger for ethane than for methane if P > 2 bar.
3.2. A criterion to distinguish between detachment mechanisms
For the two thicker nozzles with t = 0.58 mm and 0.89 mm and for both fuels, there exists a critical
pressure Pcrit above which the detachment velocity ceases to be proportional to the laminar burning
velocity. If this critical pressure is defined arbitrarily as the pressure yielding a 10% deviation from
the P(n-2)/2 trend, by data interpolation, one finds Pcrit = 3.09 bar for methane and t = 0.58 mm,
Pcrit = 2.03 bar for methane and t = 0.89 mm, and Pcrit = 2.13 bar for ethane and t = 0.58 mm. Based
on the results of Sec. 3.1 and the findings of [6], it can be argued that these critical pressures should,
in each case, correspond to the pressure above which the detachment mechanism switches from type
I to type II and, therefore, switches from the “thin” to the “thick” nozzle regime. This can be verified
by comparing the representative flame thickness to the nozzle wall thickness at each respective critical
pressure. Note that the determining quantity is, in fact, the flame’s stand-off distance [9, 16] or
quenching distance as used by [6]. However, and for convenience, a representative flame thickness
is used here as a surrogate because it can be computed analytically or with accessible numerical tools.
Here, the representative flame thickness is taken equal to the laminar flame thickness L and is
computed from the temperature profile as follows: 𝛿𝐿 = (𝑇𝑏 − 𝑇𝑢 )/(𝜕𝑇/𝜕𝑥𝑚𝑎𝑥 ), where Tb and Tu
are the burnt and unburnt temperatures, respectively. This is consistent with [9]. The temperature
profile is obtained from the premixed laminar flame-speed calculation module available in ChemkinPro [29] and the USCII skeletal chemistry mechanism [30], which was shown to provide good
performances for methane and ethane at atmospheric and elevated pressures [31]. Therefore, the
laminar flame thickness is that of an unstrained laminar flame and is computed at stoichiometry to
represent non-premixed combustion. Results of these simulations are showed in Fig. 7. As anticipated,
the laminar flame thickness decreases with pressure for both fuels. To illustrate, the laminar flame
11

Fig. 7: Computed laminar flame thickness of an unstrained
stoichiometric flame as a function of pressure for methane and
ethane fuels.

thickness decreases from L = 0.46 mm at P = 1 bar to L = 0.11 mm at P = 10 bar for methane and
decreases from L = 0.38 mm at P = 1 bar to L = 0.06 mm at P = 10 bar for ethane. The laminar flame
thickness is globally larger for methane than for ethane.

The laminar flame thickness takes the following values at the measured critical pressures:

L = 0.21 mm for methane and t = 0.58 mm, L = 0.28 mm for methane and t = 0.89 mm, and
L = 0.20 mm for ethane and t = 0.58 mm. Therefore, the ratio of the nozzle wall thickness to the
laminar flame thickness at the critical pressure, Rcrit = t/L, is: Rcrit = 2.8 for methane and t = 0.58 mm,
Rcrit = 3.2 for methane and t = 0.89 mm, and Rcrit = 2.9 for ethane and t = 0.58 mm. A value of
Rcrit = 3.07% can then be used to predict the transition between type I and type II detachment
mechanisms and it has been validated for two fuels and two nozzle wall thicknesses. Under the
assumption that the size of the recirculation zone in the wake of a nozzle of wall thickness t is
comparable to t [32], the value Rcrit = 3.0 makes physical sense. Indeed, for a flame to be tucked-away
and protected within the recirculation zone, the distance between the flame base and the nozzle, for
which the laminar flame thickness provides a reasonable approximation, should be significantly
smaller than the size of the recirculation zone. One can argue that a distance equal to 1/3 of the
recirculation zone size satisfies this criterion.
For methane and the tapered nozzle with t = 0.20 mm, t/L = 1.87 < 3.0 at P = 10 bar. This confirms
why transition from type I to type II detachment was not observed for the tapered nozzle with
t = 0.20 mm over the examined pressure range. Such transition is expected to occur around P = 23 bar.
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Data show that a critical ratio t/L = 3.0 separates type I and type II detachment mechanisms if L is
defined using unstrained premixed flame characteristics. Another definition of L, based on a
quenching or a stand-off distance, would have led to a slightly different critical ratio but would have
not altered the conclusions of this study.

3.3. A model to predict detachment by local flame extinction

The Rcrit = 3.0 criterion marks the nominal transition threshold from type I to type II detachment. For
type I, the detachment velocity is proportional to the laminar burning velocity meaning that the
detachment velocity can be predicted for any specified pressure as long as it is known for at least one
pressure and t/L remains significantly below Rcrit = 3.0. The objective of this subsection is to propose
a model to also predict the detachment velocity for type II detachment if t/L  3.0.
Type II detachment is triggered by local extinction of the flame front at a breakpoint usually located
slightly downstream of the nozzle [6]. This means that, locally and at the time of detachment, the
strain rate experienced by the flame front exceeds the extinction strain rate, which is a function of fuel
and pressure [31]. In other words, the time scale of the flow feature responsible for flame extinction
becomes smaller that the characteristic chemical time scale of the flame at the location of extinction
[11]. In this study, the characteristic chemical time scale is taken equal to the inverse of the extinction
strain rate ext [4]. The extinction strain rate is computed using the extinction of diffusion opposedflow flame module available in Chemkin-Pro [29] and the USCII skeletal chemical mechanism [30].
The USCII mechanism has been shown to capture reasonably the extinction strain rate for nitrogendiluted methane and ethane fuels at pressures up to P = 10 bar [31]. Another valid approach would
have been to compute the flame’s chemical time scale using a perfectly stirred reactor because this
has been shown to yield very similar numbers over wide ranges of equivalence ratios and pressures
[4]. Results are shown in Fig. 8. For both fuels, the extinction strain rate increases with pressure,

Fig. 8: Computed extinction strain rate as a function of
pressure for methane and ethane fuels.
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which is consistent with previous observations [31, 33]. To illustrate, the extinction strain rate
increases from ext = 980 s-1 at P = 1 bar to ext = 2341 s-1 at P = 10 bar for methane. The extinction
strain rate is globally larger for ethane. It increases from ext = 1567 s-1 at P = 1 bar to ext = 6695 s-1
at P = 10 bar.
At this point, it is not clear which flow time scale controls local flame extinction and detachment in
these turbulent non-premixed jet flames. One can define four main flow time scales:
•

The bulk flow time scale, D, which relates to the nozzle inner diameter D and the bulk jet
velocity Uj as follows: 𝐷 = 𝐷/𝑈𝑗 .

•

The integral time scale, l, which relates to the integral scale of turbulence l and the turbulent
fluctuations of the velocity u’ as follows: 𝑙 = 𝑙/𝑢′ [34]. Based on [35], It is reasonable to
consider that 𝐷 and 𝑙 are comparable and at least proportional.

•

The Taylor time scale, , which relates to the Taylor scale of turbulence . The Taylor time
scale may be evaluated from the bulk flow time scale using the following expression:  ∝

𝐷 Re𝐷 −0.5 [36, 37].
•

The Kolmogorov time scale, , which relates to the Kolmogorov scale of turbulence . The
Kolmogorov time scale may also be evaluated from the bulk flow time scale using the
expression  ∝ 𝐷 Re𝐷 −0.5 [36, 37] and is therefore proportional to the Taylor time scale.

Figure 9a shows the chemical time scale plotted as a function of the bulk flow time scale at detachment
for all the conditions examined in this study with t/L  3.0. It is evident that there is no collapse of
the data, which confirms that the bulk flow scale is not the scale controlling local extinction and
detachment. This is reasonable since this scale does not account for effects of turbulence. Because the
integral time scale is proportional to the bulk flow time scale, Fig. 9a also shows that the integral scale
of turbulence does not control local extinction and detachment.
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Uc = 0.6 m/s

Fig. 9: (a) Inverse of the computed extinction strain rate as a
function of the bulk flow time scale D at detachment for all the
data points in the “thick” nozzle regime (t/L  3.0). (b) same
but as a function of D xReD-0.5 at detachment.

Figure 9b shows the chemical time scale plotted as a function of 𝐷 Re𝐷 −0.5 at detachment, which is
proportional to both the Taylor and Kolmogorov time scales, for all the conditions examined in this
study with t/L  3.0. This expression now provides a good linear fit of the data with a coefficient of
determination R2 = 0.937. This means that both the Taylor and Kolmogorov time scales are
proportional to the flame chemical time scale at extinction. Because the exact Taylor and Kolmogorov
time scales are unknown and because Fig. 9b warrants proportionality but not equality between
chemical and flow time scales, more information is needed to determine which of the Taylor or
Kolmogorov scale controls extinction.

In a turbulent flow, it is possible to estimate the time scale of any turbulent scale from the properties
of the integral scale following Kolmogorov’s turbulence theory. The Kolmogorov time scale may be
expressed as follows: 𝜏𝜂 = 𝜏𝑙 (𝜂/𝑙)2/3. Since Kolmogorov eddies are the smallest eddies found in a
turbulent flow, this expression shows that the time scale of the Kolmogorov eddies is the smallest as
15

well. As a consequence, in the turbulent non-premixed jet flames studied here, the Kolmogorov time
scale is the first one reaching values comparable to the chemical time scale when the bulk jet velocity
is progressively increased, implying that the Kolmogorov scale must be responsible for local
extinction. This explains why the detachment data shown in Fig. 9b provide a good collapse when the
Kolmogorov time scale is used to express the flow time scale. This result corroborates that of
Yoshida et al. [14] who found that accounting for the contribution of turbulence in the total strain rate
using the Kolmogorov time scale provides a good collapse of their extinction data for methane and
propane fuels in a diffusion counter-flow configuration. It is then possible to conclude that the
Kolmogorov scale of turbulence is the regulating scale for local flame extinction and type II
detachment in turbulent non-premixed jet flames. This has been validated for a range of pressures,
fuels, and co-flow velocities. The detachment velocity should then be predictable for all other
pressures and fuels and any nozzle wall thickness as long as the extinction strain rate can be
determined accurately and t/L  3.0.

Such statement is not expected to hold for configurations involving turbulent premixed flames. Indeed,
experiments conducted in turbulent premixed Bunsen flames [15] have shown that, instead, the Taylor
scale of turbulence is the regulating scale for flame front and turbulence interactions. This is because
Kolmogorov eddies are usually too small to induce local extinction in premixed flames, which are
less sensitive to strain than non-premixed flames and are not being thinned by straining turbulent
eddies.
When studying the structure and extinction of turbulent non-premixed flames, it is useful to resort to
the concept of scalar dissipation rate [38]. However, determining the local scalar dissipation rate
requires knowledge of the mixture fraction field, which is very challenging to measure in nonpremixed flames at elevated pressure and is, therefore, not available here. However, based on Fig. 9b,
the strain rate experienced by each flame at the time and location of local extinction is known. Because
values of the extinction strain rate have been obtained numerically using a non-premixed opposed
flow configuration, it is possible to compute the corresponding critical scalar dissipation rate 𝜒𝑞 using
the following expression:

𝜒𝑞 = 2𝑎𝑒𝑥𝑡 /𝜋 exp(−2[𝑒𝑟𝑓𝑐 −1 (2𝑍𝑠𝑡 )]2 ) [38]. Here, aext is the bulk

velocity gradient at extinction and Zst is the stoichiometric mixture fraction (Zst = 0.055 and 0.059 for
methane and ethane, respectively). Predicted values of 𝜒𝑞 are deemed equivalent to the scalar
dissipation rate locally experienced by the non-premixed jet flames at detachment. Table 1
summarizes the extinction strain rate and critical scalar dissipation rate for some of the conditions
examined here.
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Tab. 1: Computed extinction strain rate and critical scalar dissipation rate for methane and ethane at different pressures.

ext [s-1]

q [s-1]

Methane
Ethane

1 bar
976
1,577

14.5
26.5

3 bar
1,702
25.8
3,506
59.7

5 bar
2,015
30.6
4,841
82.7

7 bar
2,188
33.3
5,715
97.8

The value of the critical scalar dissipation rate obtained for methane at P = 1 bar agrees well with that
obtained in [39, 40]. The trend of critical scalar dissipation rate as a function of fuel is consistent with
that observed in [41]. Regardless of the fuel, the critical scalar dissipation rate increases with pressure,
which is also consistent with findings of [42].
3.4. Pressure as a tool to study high Reynolds number flames
It is also interesting to analyze the detachment data as a function of pressure in light of the bulk
Reynolds number at detachment Red instead of the bulk jet velocity at detachment Ud. This is done in
Fig. 10 for all the fuel, pressure, nozzle wall thickness, and co-flow velocity conditions investigated.
Globally, the bulk Reynolds number at detachment increases with pressure. This increase is close to
linear for ethane and is sub-linear for methane. The rate of increase is the smallest for methane and
the thin nozzle (t = 0.20 mm), corresponding to type I detachment. For methane, the rate of increase
is largest for t = 0.89 mm and the bulk Reynolds number at detachment increases from Red = 4,400 at
P = 1 bar to Red = 22,400 at P = 10 bar. For ethane and t = 0.58 mm, the bulk Reynolds number at
detachment increases from Red = 6,400 at P = 1 bar to Red = 48,300 at P = 10 bar.

Fig. 10: Bulk Reynolds number at detachment as a function of
pressure for all the conditions investigated in this study.

Using the findings of Secs. 3.1 and 3.3, the bulk jet velocity at detachment Ud depends on the ratio
of the nozzle wall thickness to the laminar flame thickness t/L and may be expressed as follows if
t/L < 3.0:
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𝑈𝑑 = 𝑓(𝑡, 𝑈𝑐 ) 𝑆𝐿

𝑖𝑓 𝑡/𝐿 < 3.0

(1)

𝑖𝑓 𝑡/𝐿 ≥ 3.0.

(2)

𝑖𝑓 𝑡/𝐿 ≥ 3.0.

(3)

where f is an undefined function of t and Uc or as follows if t/L ≥ 3.0:
1

𝑈𝑑 = 128 𝐷 Red −2 𝜅𝑒𝑥𝑡
which can be rearranged as follows if Ud is introduced in Red:
1

2

𝑈𝑑 = 25.4 (𝐷𝜈)3 𝜅𝑒𝑥𝑡 3

where 𝜈 is the kinematic viscosity. Assuming that the extinction strain rate may be expressed as a
function of pressure as follows: 𝜅𝑒𝑥𝑡 ∝ 𝑃𝛼 , the bulk Reynolds number at detachment Red then scales
with pressure as follows:
𝑛

Red ∝ 𝑃 2

Red ∝ 𝑃

2(1+𝛼)
3

𝑖𝑓 𝑡/𝐿 < 3.0

(4)

𝑖𝑓 𝑡/𝐿 ≥ 3.0

(5)

Therefore, the bulk Reynolds number at detachment increases with pressure if t/L < 3.0 and n > 0 or
if t/L  3.0 and  > -1. Condition n > 0 is always met. Condition  > -1 is met for the fuel and
pressure ranges examined here (see Fig. 8) with   0.45 and   0.22 for methane and 1  P  5 bar
and 5 < P  10 bar, respectively and   0.70 and   0.46 for ethane and 1  P  5 bar and
5 < P  10 bar. This explains the trends observed in Fig. 10 and implies that it is possible to stabilize
attached turbulent non-premixed jet flames with much higher Reynolds numbers by resorting to
elevated pressure without the need for complex flame stabilization strategies such as pilot flames,
swirl, or oxygen/hydrogen enrichment. This is useful in order to study flame-turbulence interactions
at conditions relevant to practical applications while conserving canonical and simple burner
configurations that are amenable to diagnostics and modeling.
Based on Eq. (5), this statement is not valid for fuel and pressure conditions where   -1. To the best
of the authors knowledge, such conditions are not reported in the literature. However, negative values
of , meaning that the extinction strain rate decreases with pressure, are reported in [31] and [33]. For
non-premixed flames [31], a value  = -0.31 may be inferred from experiments with nitrogen-diluted
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methane flames between P = 5 bar and P = 11 bar. Values  = -0.32 and  = -0.19 are obtained over
a similar pressure range for nitrogen-diluted ethylene and ethane flames, respectively. For lean
premixed flames [33], values  = -0.17 and  = -0.23 are obtained numerically between P = 5 bar and
P = 10 bar for methane and propane flames, respectively.

3.5. Effects of the burner lip temperature
For all the conditions considered in this study, thermal steady-state was reached before the time of
detachment meaning that the tip of the burner nozzle and the incoming reactants may have been heated
to some temperature above 298 K. While accurate measurements of temperature at the burner tip have
not been made, it is possible that the flame properties controlling detachment, such as the laminar
burning velocity, may have changed, influencing detachment. To verify this point, additional
experiments have been conducted for P = 1 bar, Uc = 0 m.s-1, and two different burner nozzles that
feature the same wall thickness t = 0.75 mm but are composed of two different materials, namely,
stainless-steel and copper. The detachment velocities are Ud = 15.2 m.s-1 and Ud = 12.9 m.s-1,
respectively. Switching the burner material from stainless-steel to copper has led to a decrease of 15 %
of the detachment velocity. Because the thermal conductivity of copper is much larger than that of
stainless-steel, such decrease can be attributed to the enhanced conductive heat transfers that reduce
the burner lip temperature in comparison to the stainless-steel case and, in turn, reduce the temperature
at the flame base location. This confirms that, in type I detachment, heat transfers to the burner tip
play a role in detachment and that some preheating of the reactants occurs. Therefore, controlling
parameters, such as the laminar burning velocity, must be computed at the relevant temperature,
function of the burner nozzle material and dimensions. However, due to the large temperature
gradients near the flame base, the relevant temperature could not be measured accurately at this point.
Regardless, using a fine gage unsheathed thermocouple (Type K, 75-m bead diameter), it was
possible to bracket the range of possible burner lip temperatures between 350 K and 600 K.

This suggests that, for type I detachment, accurate prediction of the detachment velocity is difficult
because it requires modeling complex heat transfers. However, as shown in Figs. 4-6, once the
detachment velocity is known for one pressure, it can be predicted for other pressures by scaling with
the laminar burning velocity, as long as t/L < 3.0. In type II detachment “local flame extinction
lifting”, the breakpoint is usually located slightly downstream of the flame base and away from solid
boundaries [6]. Therefore, effects of heat transfers to the burner lip are not excepted to play a large
role.
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It is also possible that the burner lip temperature affects the flame’s quenching distance and, in turn,
influences the critical t/L ratio that separates type I and II detachment mechanisms. For the
aforementioned burner lip temperature range, it is known that the quenching distance is a weak
function of temperature [43] and that it can vary by about 10 %. Therefore, a critical ratio
t/L = 3.00.3 may be used to accommodate a larger range of burner nozzle materials.

4. Conclusions

The mechanisms underlying the detachment of turbulent non-premixed jet flames were examined
experimentally at atmospheric and elevated pressures for different fuels, nozzle dimensions, and coflow velocities. The main findings are:
•

Pressure and nozzle wall thickness have a large influence on the value of the detachment jet
velocity.

•

Regardless of fuel and co-flow velocity, if the ratio of the nozzle wall thickness to the laminar
flame thickness is significantly smaller than 3.00.3 (“thin” nozzle regime), type I detachment
occurs (flame base stability lifting). In this case, the detachment velocity is controlled by the
laminar burning velocity and decreases with pressure.

•

If the ratio of the nozzle wall thickness to the laminar flame thickness is equal or larger than 3
(“thick” nozzle regime), type II detachment occurs (local flame extinction lifting). In this case,
the detachment velocity is not a function of the co-flow velocity and is controlled by the
extinction strain rate.

•

The Kolmogorov scale of turbulence is the regulating scale for local extinction and type II
detachment in turbulent non-premixed jet flames. If the extinction strain rate can be
determined accurately, the detachment velocity in type II detachment can be predicted for any
specified fuel, pressure, and nozzle wall thickness with 𝑈𝑑 = 25.4 (𝐷𝜈)1/3 𝜅𝑒𝑥𝑡 2/3.

•

Resorting to elevated pressure allows stabilizing turbulent non-premixed jet flames with
higher Reynolds numbers without facing lift-off or blow-off and without the need for more
complex stabilization strategies such as pilot flames, swirl, or oxygen/hydrogen enrichment.
This is useful to study flame-turbulence interactions at practically relevant conditions while
conserving simple burner configurations that are suitable for diagnostics and modeling.
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