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In this study we investigate different parameters used for mapping global flame structures and identify
the most universal in terms of comparing flames emerging from different geometrical burner arrange-
ments. Simultaneously the study was carried out to determine the discharge conditions yielding the blue
flame of a high degree of partial premixing, and to examine the instantaneous local flame structures and
mixing in the blue torch area under these conditions. In order to decouple velocity ratio and global
equivalence ratio (referring to the mass flow rate of air and methane), as well as the jet velocity and
Reynolds number, two different centre air nozzle diameters were studied. The results clearly indicated
that the centre jet Reynolds number and global equivalence ratio are more universal parameters for
inverse flame characterization than jet velocity and velocity ratio. OH-PLIF (planar laser-induced fluo-
rescence), hot- and cold-flow acetone-PLIF were performed to provide additional information on
instantaneous local flame structures and mixing in the blue torch area of the flame resembling a partially
premixed flame. The PLIF results indicated that in the area of the blue torch, air and gas are well mixed by
shear layer-generated vortices, and turbulences, which at this position are strongly present.
© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Coaxial jet flame configurations are widely employed in prac-
tical combustion systems, including rocket engines and industrial
burners. Among these systems, those which have initially separate
fuel and oxidizer streams, but then subsequently mix to produce
local premixed and flammable regions, are of significant engi-
neering and scientific interest [1]. In a typical arrangement of a
burner with separate fuel and oxidizer delivery, the fuel is supplied
to the reaction zone through the centre jet; while the oxidizer
comes through the surrounding slit or jets’ array. The inverse
diffusion flame (IDF) or inverse jet flame (IJF) is formed when the
oxidizer enters the combustion zone through the centre jet sur-
rounded by the outer fuel jet/jets. Such an arrangement in practical
systems allows the separation of the strong oxidizer from the
chamber walls, minimizing their oxidation, as well as providing a
relatively short flame [2]. The inverse coaxial burner arrangement
can produce flames with different structures depending on the
discharge conditions; among which there is a flame which exhibits
pusta).

ier Ltd. This is an open access artic
features of a partially premixed turbulent flame [3,4]. This flame is
of great significance as it provides a high flame temperature with
low soot emissions, while avoiding the risk of flashback [5]. The
drawback of IJFs is related to the reduced stability limits when
compared with normal diffusion flames [6e9]. Thus, much effort
has been put in to examining the flame structures, stability limits
and identification of the desired partially premixed flame.

Wu and Essenhigh [10] were the first to examine the structures
and the stability limits of the IJFs stabilized on a coaxial inverse
burner over a wide range of flow conditions. They identified six
different flame structures and mapped them in an air velocity-fuel
velocity coordinate system. Among the detected flames, only two
were found to be stable; while the blue flame without any yellow
region was reported as an unstable flame. Lee et al. [3] studied the
global structure and stability of IJFs in terms of partial premixing,
which they controlled by recessing the inner (air) tube in a variable-
geometry burner. Similar to Wu and Essenhigh [10], they mapped
the transition curves between the different structures in an air
velocity-fuel velocity coordinate system. Sobiesiak and Wenzell
[11] investigated inverse flames in terms of flame length, temper-
ature distribution and stability limit for several air nozzle diameters
in order to extend the burner operating range. They observed that
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the normalized flame length (by centre air nozzle diameter) was
decreasing exponentially with the air/fuel velocity ratio. As for the
inverse flame stability limit, they observed different behaviour
depending on the degree of partial premixing. At a low premixing
level, the flame blow-off was a function of the inner and outer jet
velocities and the nozzle conditions. At a high degree of partial
premixing, the blow-off occurred abruptly at a single value of the
inner air jet velocity, regardless of the fuel jet velocity and almost
independent of the discharge nozzle conditions [11]. Sze et al. [12]
compared two burner designs, a conventional coaxial set-up, and a
design with a centre jet and coaxially arranged fuel ports, in terms
of flame structures, temperature distribution, and NOx emissions,
using LPG (liquefied petroleum gas) as a fuel. The flame structures
obtained from different burner arrangements for the same Rey-
nolds number of the centre jet and equivalence ratio exhibited
strong similarities in most investigated aspects. The flames formed
in a burner with coaxially arranged fuel ports were observed to
consist of two zones: a lower entrainment zone and an upper
mixing and combustion zone. The conventional coaxial arrange-
ment in most cases produced flames similar to a diffusion flame,
and the two-zone structure was observed only for Reynolds num-
ber larger than 2500. Dong et al. [5] made an attempt to determine
the parameters which govern the partial premixing and the flame
structure, and identify the favourable IDF structure for impinge-
ment heating. They concluded that the crucial parameters gov-
erning the flame structure are the air jet velocity and the ratio of
the air and fuel velocities. They identified seven different global
flame structures and provided a graph showing their occurrence
depending on equivalence ratio (referring to fuel and oxidizer mass
flows) and the Reynolds number of the centre jet. In their set-up the
flame stability was noticed to be limited by the centre air jet Rey-
nolds number (i.e. 8000) regardless of the equivalence ratio. Among
those detected, the desirable flame, which had the torch exhibiting
premixed flame features was reached at the centre air jet Reynolds
number ranging from 4000 to 8000 and global equivalence ratio
between 0.5 and 1.8. However, the high flame temperature could
only be obtained for the equivalence ratio higher than 1.4. Zhen
et al. [13] studied the characteristics of an inverse jet flame burner
fuelled with LPG for swirling and non-swirling conditions. They
noticed that the flame shape and length were dependent on the
Reynolds number of the centre air jet and the global equivalence
ratio. The premixed bluish flame in non-swirling conditions over-
lapped with a diffusion yellow flame; while the flames in swirling
conditions remained fairly premixed with the post-combustion
zone being weakly diffusional in nature. Johnson and Sobiesiak
[14] studied the IJFs with a co-flow of either air or combustion
products of lean methane-air mixtures, both with an additional
neutral gas curtain located further outside from the burner axis.
They provided characteristics of the flame extinction and transition
from the partially premixed flame to the inverse diffusion flame.
The height of the flame was found to be linear with the central fuel
velocity, and a constant fraction of the outer diffusion flame height.
They observed differences in extinction and transition limits
depending on whether the central air velocity was increased or
decreased. Dong et al. [15] investigated inverse jet flames for two
different centre air nozzle diameters and different locations of
surrounding methane nozzles in order to optimize the geometrical
arrangement of the burner, specifically to explore the effects of the
air-port and fuel-port diameter ratio on thermal and emission
characteristics. They concluded that the flame length increased
with the increase of equivalence ratio and air jet Reynolds number.
However, they observed a different behaviour for different air
nozzle diameters. A smaller air diameter provided a wider range of
air jet Reynolds numbers for a stable flame, and a wider operation
range of the overall equivalence ratio, under the same mass flow of
air. For a smaller air nozzle, they also observed that the flame length
decreased with the increase of the Reynolds number of the centre
jet. Elbaz and Roberts [16] studied local flame structures to un-
derstand the role of mixing and entrainment in IJFs. They investi-
gated the effect of the air-to-fuel velocity ratio by changing the air
flow rate under a fixed methane flow rate. They observed that the
fuel entrainment towards the air jet was enhanced and the mixing
between the fuel and air jets improved as the velocity ratio was
increased. The time-resolved OH-PLIF imaging indicated three
types of local structures present in the flames, identified as; breaks,
closures, and growing kernels. The breaks were found to occur at
locations where locally high velocity flows were impinging on the
flame. In later study [25], they noticed that the frequent and large
breaks affected the flame stability, combustion efficiency and
pollutant emissions. Mahesh and Mishra [7] studied the stability
limits and blow-off characteristics of an inverse jet flame with a
non-recessed and a recessed air nozzle. When the burner in the
non-recessed arrangement was operated in the near blow-off
conditions, they observed extinction and re-ignition events in the
main flame. The flames emerging from the recessed burner
arrangement were observed to blow-off prematurely as compared
to the non-recessed arrangement for the same fuel jet velocity.
They linked higher flame stability for the non-recessed burner with
the presence of the base flame near the burner rim that acted as a
pilot flame. Thus, the design studied here is non-recessed with
large diameter outer gas tube to provide a stable base flame over
the wide range of conditions. In order to study near- and blow-off
conditions of the non-recessed burner arrangement [18] they
applied high-speed CH* chemiluminescence detection. They
observed that the transient variations of chemiluminescence in-
tensity are increased in near blow-off conditions, with an increase
in air jet velocity, when compared to stable flames. They attributed
this phenomenon to the random local extinction and re-ignition
events resulting from enhanced strain rate. Miao et al. [19] stud-
ied the effects of the addition of hydrogen to LPG on pollutant
emissions of an inverse flame. The luminous flame images showed
that the structures of the flames for the same equivalence ratio and
Reynolds number of the centre jet (0.6 and 4000 respectively) were
very similar with additions of hydrogen increasing up to 60%. It is
important to note that at this condition the overall volumetric flow
rate of fuel was more than doubled when compared to the case
without a hydrogen addition. In other study [20] the luminous
images as well as OH-PLIF results showed that flames for the same
equivalence ratio and Reynolds number of the centre jet (1 and
3000 respectively) had the same structures for a hydrogen addition
of up to 30%.

Most recently, Kim et al. studied characteristics [21], and sta-
bility [9] of oxygen/hydrogen IJFs by means of direct imaging, OH*
chemiluminescence and OH-PLIF. They observed that with the
increasing of the Reynolds number of the centre jet, the occurrence
frequency of the local flame extinction and the length of the
disconnected OH reaction zones are increased. They concluded that
the local flame extinction results from an increased local flame
strain rate due to the excessive flamewrinkling [21]. They observed
also that a mean OH layer thickness provides the limits for the
occurrence of combustion instability leading to local flame
extinction [9].

As can be noticed, in the previous studies different parameters
were used to characterize the flame, i.e. map the flame structures
and describe stability or blow-off limits. Depending on the study,
either velocity ratio [3,5,6,11,16], jet velocity [5,6,10,14], fuel velocity
[10], equivalence ratio and Reynolds number of the centre jet
[5,12,13,22] or a combination of equivalence ratio and velocity ratio
[6,23] were pointed out as the parameters governing the flame
behaviour and structure. One might notice that in some of the
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previous studies different parameters were used all at the same
time. In the cases where only one geometrical configuration of the
burner was studied it is not of major importance which parameters
are used to characterize the flame, as the centre air jet Reynolds
number Reair exclusively depends on the centre jet velocity (Eq.
(1)); while the equivalence ratio F - on the velocity ratio (Eq. (2)).

Reair ¼
vair*dair

n
; for dair ¼ const and n ¼ const : Reair

¼ C1*vair
(1)

where: vair is the velocity of the air; dair is the air nozzle diameter; n
is the kinematic viscosity; and C1 is a constant.

F¼AFRstoich
AFR

¼ AFRstoich*
_mfuel

_mair
¼ AFRstoich*

Afuel*vfuel
Aair*vair

¼ AFRstoich*
Afuel*vfuel
p*d2

air
4 *vair

; for dair ¼ const and Afuel

¼ const : F ¼ C2*
vfuel
vair

¼ C2*Vr

(2)

where: AFRstoich is the stoichiometric air-to-fuel ratio; AFR is the air-
to-fuel ratio; _mfuel is the mass flow of the fuel; _mair is the mass flow
of the air; Afuel is the flow area of the fuel; vfuel is the velocity of the
fuel; Aair is the flow area of the air; C2 is a constant; and Vr is the
velocity ratio.

Therefore, in the cases where only one burner design was
studied the results should be viewed as the characteristics of a
burner of a particular design, rather than the universal character-
istics of IJF burners.

On the other hand, the previous studies, which have been car-
ried out on different geometrical arrangements, do not give a clear
answer about which of these parameters are the most universal in
terms of comparing flames emerging from different burner con-
figurations. As mentioned previously, Sze et al. [12] studied the
flame structures from different geometrical burner arrangements
while maintaining the Reynolds number and equivalence ratio at
the same levels. The designs used in their study were arranged in a
way that the outflow areas of fuel and air in both designs were the
same, which means that when the Reynolds number and equiva-
lence ratio were at the same levels the velocity ratio and the centre
air jet velocity were at the same levels as well. The flame structures
exhibited strong similarities; however, it couldn’t be claimed that
they were exactly the same. This shows that there are no universal
parameters to characterize the flames stabilized on burners of
different designs; which is not surprising as co-axial flames involve
complex flow and combustion conditions with separate air and fuel
delivery, along with mixing with external air. When combining
these observations with the recent study of Rabee [24], who
showed that the flames formed from different burners for the same
centre jet Reynolds number and equivalence ratio but with
different jet velocities and velocity ratios were substantially
different, it might be speculated that the centre air jet velocity and
the velocity ratio are the parameters to maintain similar flame
structures. However, there is no evident proof for that, and only the
direct comparison of the flames for the same jet velocity and ve-
locity ratio, with different Reynolds number and equivalence ratio
could confirm that speculation.

In this study, we aim to fill this gap and directly compare the
structures and blow-off limits of flames emerging from different
burner arrangements for the same jet velocity and velocity ratio, as
well as for the same Reynolds number and equivalence ratio, in
order to answer the question about which of the considered pa-
rameters are the most universal in terms of comparing flames
emerging from different burner configurations. The novel approach
based on combining a qualitative comparison of flame structures
with quantitative characteristics of blow-off limits is of high prac-
tical importance, as the answer it provides will be useful in inter-
preting and comparing previous studies, as well as constituting
valuable input for the development of practical systems by indi-
cating the most important parameters on which to focus.

The present work included testing two geometrical arrange-
ments of the burner, specifically two centre air nozzle diameters.
Different air nozzle diameters enabled the decoupling of the jet
velocity and Reynolds number of the centre jet, as well as the ve-
locity ratio and global equivalence ratio (i.e. to avoid exclusive
linear co-dependence as shown in Eqs. (1) and (2) respectively),
while avoiding significant changes to the burner design, i.e. the
outer diameter and the type of the burner (coaxial design)
remained the same. This is especially important in relation to the
results of Sze et al. [12], as in their study the burner designs were
substantially different (the first one was a conventional coaxial
design, while the other had a centre jet and coaxially arranged fuel
ports). Such an approach allowed unambiguous identification of
which of these parameters are more universal in terms of charac-
terizing structures of IJFs, and the identification of the conditions to
produce the blue flame of a high degree of partial premixing
independently from the specific burner designs.

The second part of the study was aimed at providing informa-
tion on the local flow and flame structures in the area of the blue
torch of the desirable partially premixed flame. While most of the
studies on the local flame structures were mainly aimed at the
investigation of stability related issues [9,21,25], information on the
local flame structures and mixing characteristics of IJFs resembling
partially premixed flames is limited. It is claimed that the partial
premixing in an initial non-premixed burner configuration is ach-
ieved by the shear layer generated by the velocity difference and
gradients between the air and fuel jets, which strongly enhances
the mixing process [18,23]. In this study we use OH-PLIF and
acetone-PLIF visualisation techniques in order to obtain informa-
tion on the shear layer-generated vortices and their role in mixing
co-flowing gas with the centre air jet, and to provide an overview of
the flame’s wrinkles in the area of the blue torch. Acetone-PLIF was
used previously by Elbaz and Roberts [[25]] to visualise high Rey-
nolds number inverse flames. However, they focused only on cold-
flow studies. In this work, both cold and hot flow cases were
studied. Although acetone seeding was successfully used for fuel
concentration measurements in combustion cases [26], it is
complicated to use it as an unburnt methanemarker due to acetone
pyrolysis and preferential diffusion. Nevertheless, the quantitative
analysis is beyond the scope of this study. Cold-flow studies provide
information on the mixing process (mixture uniformity); however,
the flow conditions are changed compared to reactive flow. On the
other hand, hot-flow acetone-PLIF is affected by acetone con-
sumption, causing local fluorescence signal extinction. Therefore,
both approaches were used in the study.

2. Experimental set-up

The burner designed for this study consisted of two coaxial
tubes as shown in Fig. 1. The burner was operated in an open-air
environment. The outer tube of the burner has a diameter of
30 mm to deliver gaseous fuel. As for the inner tube for air, two
different nozzle diameters were studied, namely 1.6 mm and 2mm.
Even though this diameter difference could be considered as small,
changing nozzle diameter from 1.6 to 2 mm resulted in a 56% larger



Fig. 1. The dimensions of the burner (in mm).

Table 1
The range of the selected parameters in the studied cases. Note that the full matrix
was not explored due to blow-off events.

2-mm nozzle 1.6-mm nozzle

Flow rate of air (Nm3/min) 0.003e0.012 0.0024e0.012
Flow rate of methane (Nm3/min) 0.001e0.008 0.001e0.008
Air velocity (m/s) 16e60 20e91
Methane velocity (m/s) 0.027e0.179 0.027e0.179
Velocity ratioa ~276e1621 ~276e2536
Equivalence ratio F 1.31e7.77 1.31e12.1
Reaira ~2100e7900 ~2100e9700

a
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flow area, which was sufficient to decouple the velocity ratio and
the equivalence ratio, as well as the jet velocity and Reynolds
number, which was the main purpose of using two different nozzle
diameters. On the other hand, if the burner design is substantially
changed, then even maintaining all considered parameters con-
stant will not result in the same flame structures [12]. The air jet
exit was located at the same level as the surrounding tube exit.
According to Ref. [7] such an arrangement provides awider range of
stable burner operations than a configuration with the air nozzle
retracted upstream.

Zhen et al. [27] reported that different air nozzle lengths show
rather significant differences in the flame’s appearance. They
noticed that a short nozzle produced a flame with a shorter base
height and a smaller potential core, due to the enhanced air/fuel
mixing. Therefore, in this study nozzle length as well as the inlet to
the nozzle were the same in both tested nozzles. As a result, the
ratio of the nozzle length to the diameter was 5, and 4, for 1.6 mm
and 2 mm nozzles, respectively.

Below the tip of the outer tube (5 mm upstream) a plate with an
array of cylindrical holes was installed in order to even-out the flow
velocity profile at the burner exit. Geometrical details and di-
mensions of the burner used in this study are shown in Fig. 1.

The method for flame structure visualisation is usually based on
recording a luminous flame or capturing the chemiluminescence
signal either from OH* or CH*. In this study flame structures were
visualized using OH* chemiluminescence, which was successfully
used for inverse jet flames [9,21,28]. For capturing the images, an
ICCD camera (Princeton Instruments PI MAX2) was used. The im-
ages were recorded at a frame rate of 5 Hz. The exposure time was
500 ms. The camera was equipped with a 320 ± 20 nm bandpass
filter.

The gas and air mass flow rates were adjusted using Bronkhorst
controllers. For the 2-mm nozzle, the air mass flow varied from
0.003 to 0.012 Nm3/min; while the methane mass flow varied from
0.001 to 0.008 Nm3/min. For the nozzle of 1.6 mm diameter, the
mass flow rates of gas and air were adjusted to keep the same
velocity ratio, the same equivalence ratio, the same Reynolds
number and the same jet velocity as for the 2-mmnozzle. In one set
of the measurements, the mass flow rate settings for the 1.6 mm
nozzle were the same as for the 2-mm nozzle. This resulted in
several hundreds of cases in total which were tested for two
different nozzle diameters. Note that the full matrix was not
studied due to blow-off occurrence at certain conditions (to be
discussed later). The range of the selected parameters in the
studied cases is shown in Table 1.

Additional studies were performed in the case where a blue
flame of a high degree of partial premixing was observed, to pro-
vide more information on the mixing process and local instanta-
neous flame structures. For this purpose, OH-PLIF was used. For
studies of the mixing process, both hot and cold-flow acetone-PLIF
was applied. Acetone seeding, as shown by Ref. [[25]], can be suc-
cessfully used to visualise high Reynolds number IJFs. In the burner
configuration presented here, the fuel mixes with the air coming
from both the centre jet and the surroundings. The key question is
where the supplied fuel tends to travel and how well it mixes with
air. Therefore, in this study acetone was added to the methane.

Acetone and OH radicals were excited using the same 282.6-nm
laser beam; however, the measurements were performed consec-
utively. Nevertheless, in hot-flow acetone-PLIF the fluorescence
signal of acetone needed to be separated from the OH fluorescence.
The acetone emits fluorescence within the wavelength range of
300e550 nm; while the OH radicals are in the range of
305e320 nm. Thus, the camera in the acetone-PLIF was equipped
with a long-pass filter to capture fluorescence longer than 350 nm.
In the measurements where OH fluorescence was detected no
acetone was added. Therefore, in that case the OH signal needed to
be separated only from the excitation wavelength. The 282.6-nm
laser beam was generated using a set-up as shown in Fig. 2, which
included: a Nd:YAG laser (Spectra-Physics Pro-250), dye laser (Si-
rah Cobra Stretch-G-2400) with a second harmonic generator,
sheet optics and an ICCD camera (Princeton Instruments PI-MAX II).
3. Results and discussion

3.1. OH* chemiluminescence

The strategy to vary air and methane mass flow rates was
designed to test two different nozzle diameters for the same ve-
locity ratio, equivalence ratio, centre jet Reynolds number and jet
velocity. The velocities of air and gas were calculated as the average
velocities in the nozzle and coaxial tube respectively from the mass
flow rates and cross section areas. The ranges of the selected pa-
rameters in the studied cases were shown in Table 1.

The images of the OH* chemiluminescence for two different
nozzles were compared: for the same equivalence ratio 4, the same
Reynolds number of the centre jet Reair, the same velocity ratio Vr

and the same jet velocity vair. The comparison of different flame
structures for two different nozzles for selected cases is shown in
Fig. 3. In one column the results are shown for the same Reynolds
number of the centre jet Reair and equivalence ratio 4; while in the
second the velocity ratio Vr and jet velocity vair were kept the same.
Note that the field of view of a single image presented in Fig. 3 is of
39 � 103 mm. Each image shown in Fig. 3 is an average of 100
Velocity ratio and Reair are calculated based on average velocities in the tubes.



Fig. 2. Experimental set-up for PLIF measurements; SHG stands for second harmonic
generator.
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instantaneous images.
The flame structures were similar when two of the considered

parameters were the same, specifically the Reynolds number of the
centre jet Reair and the equivalence ratio 4. The flames from nozzles
of different diameters obtained for the same velocity ratio and jet
velocity did not reveal similar structures.

It may be seen that the change in diameter still shows some
differences at the same Reynolds number and global equivalence
ratio. In most cases the smaller diameter shows a lower intensity of
the OH* downstream. However, it could be caused by a scaling ef-
fect by different mass flow rates, which certainly have influence on
the flame size and overall OH* chemiluminescence intensity as
well. Nevertheless, as explained previously for the other parame-
ters (i.e. jet velocity, velocity ratio) the flame structures in most
cases were substantially different.

Among the recorded flame structures, at Reair ~5630 and
4 ¼ 2.27 conditions a blue flame of a high degree of partial pre-
mixing was identified (Fig. 4 e left image). This flame was the
subject of further study aimed at the identification of the instan-
taneous flame features. A set of five consecutive instantaneous
images together with a luminous flame image is shown in Fig. 4.

As shown in Fig. 4 the flame in the jet area is strongly deformed
by the turbulence present in that area; while in the base flame area
the recorded signal is very similar to that in the averaged image and
indicates no turbulence in that area. However, due to the long
exposure time of the ICCD camera capturing OH* chem-
iluminescence, instantaneous turbulent flame structures present in
the torch area are not well represented. Therefore, this flame was
further studied with the PLIF method.
3.2. Blow-off characteristics

The blow-off characteristics for two tested nozzle diameters are
shown in Fig. 5. As the test procedure was noticed to influence the
flame extinction results [14], it is important to note that the test
procedure to reach blow-off events was based on increasing the air
mass flow rate at each of the 20 levels of the mass flow rate of
methane. The air and fuel velocities at blow-off conditions are
shown in the left-hand graph in Fig. 5. The characteristics show
shape similarities but the burner arrangement employing a smaller
nozzle diameter could handle higher air velocities for a given fuel
velocity. Moreover, at a certain gas flow velocity, it reached the
maximum and a further increase in gas flow did not help to widen
the air velocity operating range. The results are similar to most of
the results obtained by other researchers [3,10]. The major
difference is that Lee et al. [3] distinguished two blow-off regimes,
one with the base flame still attached, and the second one e a
complete blow-off. In this study the complete blow-off was not
present, and the base flame was always attached to the outer tube
of the burner.

When the blow-off events are presented by means of velocity
ratio and air jet velocity (centre graph in Fig. 5), besides the fact that
the characteristics exhibit shape similarities (as in the left-hand
graph in Fig. 5) no common aspect for two studied nozzles can be
noticed. However, if the equivalence ratio and the Reynolds number
are used to present blow-off limits, the characteristics are partially
overlapping (right-hand image in Fig. 5). These are actually
crossing, and the smaller diameter provides a wider Reynolds
number operating range for a low equivalence ratio (<1.5); while
for a high equivalence ratio (>4) it is the opposite.

In none of the representations of blow-off characteristics
(shown in Fig. 5) could universal conclusions be made. However,
the overlapping range for equivalence ratio between 1.5 and 4,
suggests that the Reynolds number and equivalence ratio are more
universal parameters to characterize the blow-off limits than the
centre air jet velocity and velocity ratio.

4. OH-PLIF

OH-PLIF measurements were performed for the selected case
(Reair ~ 5630 and 4 ¼ 2.27). Since the main interest was in the blue
torch regime and not in the diffusion base flame, the visualisation
was done from 29 mm up to 49 mm above the burner exit. The OH-
PLIF visualisation was done at a frame rate of 10 Hz. Five consec-
utive PLIF images are shown in Fig. 6; the image processing
including laser sheet correction was done using LaVision DaVis 8.4
software.

As seen in Fig. 6, in some of the frames the OH areas are sepa-
rated. It needs to be noted that the PLIF signal is integrated over the
very small distance of the laser sheet thickness, and thus the
observed breaks in the flame can be the effect of the flame wrin-
kling and the areas of OH can be still connected outside the laser
sheet volume. Nevertheless, the strong deformation of the areas
where OH is present indicates a high turbulence level in the torch
area. This is consistent with the OH* chemiluminescence results
(shown in Fig. 4); however, as expected, the turbulent structures
are much better visualized.

4.1. Acetone-PLIF

In order to study the mixing process from the very beginning
after the air and CH4 exit the outlets, the acetone-PLIF visualisation
was done starting just above (1 mm) the burner exit. In the case of
mixing two initially separated gases, the initial interaction between
the co-flows is of crucial importance. Since the height of the laser
sheet was limited, the visualisation was done at two positions
above the burner exit consecutively. The instantaneous acetone-
PLIF images for the case with the ongoing combustion are shown
in Fig. 7. Note that the upper and lower images were taken as a
separate series. The upper series was taken exactly at the same set-
up as the OH-PLIF visualisation. The lower series was taken after
the burner was moved up in relation to the light sheet. The images
shown in the second row in Fig. 7 are higher e they cover the
distance from 1 to 27 mm. For this purpose, exactly the same light
sheet was used. However, the light sheet intensity between 1 and
7 mm above the burner exit was lower, and thus the signal to noise
ratio in that area was higher than in the main 20 mm part.
Nevertheless, for acetone visualisation it was sufficient, especially
as the acetone-doped methane and acetone-free air were clearly
separated just after the burner’s exit.



Fig. 3. OH* chemiluminescence images for different nozzle diameters and flow conditions for selected cases; parameters displayed: Reynolds number of the centre jet Reair, air
velocity vair, equivalence ratio 4, and velocity ratio Vr.
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The images presented in Fig. 7 show that the initially separated
air and fuel mix well to create a fairly uniform mixture (where gas/
air streams separation is diminished) at a certain distance above
the burner’s exit. One particular case was selected to study the
mixing process and the development and evolution of the vortices
generated at the shear layer (Fig. 8).

As shown in Fig. 8, the acetone-doped methane and air exit the
burner as separated streams. Thus, the intensity profile across line 1



Fig. 4. A luminous flame photograph and five instantaneous consecutive OH* chem-
iluminescence images of a flame of a high degree of partial premixing obtained at a
frame rate of 5 Hz, nozzle diameter of 2 mm, Reair ~5630, 4 ¼ 2.27.

Ł.J. Kapusta et al. / Energy 193 (2020) 116757 7

Po
br

an
o 

z 
ht

tp
://

re
po

.p
w

.e
du

.p
l /

 D
ow

nl
oa

de
d 

fr
om

 R
ep

os
ito

ry
 o

f W
ar

sa
w

 U
ni

ve
rs

ity
 o

f T
ec

hn
ol

og
y 

20
23

-0
5-

24
exhibits very low intensity at the centre nozzle location (x~0). In
the zoomed 2D image one can see that at this position the border
between air and gas resembles a flat vertical line. However, the
velocity difference between the centre jet and surrounding co-flow
is very high and thus creates instabilities (developed between line 1
Fig. 5. Blow-off characteristics presented

Fig. 6. Five consecutive instantaneous OH-PLIF images of a selected flame (Reair ~5630 and 4

exit.

Fig. 7. Instantaneous acetone-PLIF images for the combustion case recorded at
and 2), to eventually form vortices (at line 2) which enhance mix-
ing, so the centre pure air stream disappears (at line 3 it is no longer
visible). When comparing the intensity profile 2 with profile 1, one
can notice that the centre intensity drop (associatedwith the centre
air stream) is narrowed. This indicates entrainment of co-flowing
methane into the air jet. Moreover, the distance where the
increased intensity (acetone presence) is observed is narrowed as
well. This in turn indicates that the methane is entrained by a shear
layer-accelerated gas located close to the centre jet. This effect
continues above line 2 along with the enhanced mixing; this
eventually leads to an intensity profile with a narrow areawhere an
increased signal is observed without any local drop (profile 3). This
suggests that the fairly uniformmixture is created in the axis of the
burner’s nozzle at that position. When looking at the profile in the
upper part of the burner (profile 4) it may be noticed that there are
two areas of increased intensity (separated by a low intensity area).
This, however, may come from the acetone consumption by the
flame, since the combustion in that area is ongoing, as shown in
Fig. 6. Therefore, the study using acetone was repeated for cold-
flow conditions. The nozzle discharge conditions remained un-
changed. The cold-flow acetone-PLIF images are shown in Fig. 9.
by means of different parameters.

¼ 2.27) recorded at a frame rate of 10 Hz; visualized area starts 29 mm from the burner

a frame rate of 10 Hz; visualized area starts 1 mm from the burner exit.



Fig. 8. Acetone-doped methane and air mixing process - acetone fluorescence signal intensity profiles across the jet flame and acetone fluorescence images; the intensity scale for
all profiles is the same.
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Cold-flow acetone-PLIF images presented in Fig. 9 show that
acetone-doped methane is well mixed in the torch area, with the
air coming from the centre nozzle. This confirms the assumption
that the non-uniform intensity profile along line 4 shown in Fig. 8
results from acetone consumption.

The vortices developed on the shear layer play a crucial role in
forming a fairly uniform mixture. Besides dragging the co-flowing
gas into the air jet, they are expected to evolve into smaller flow
structures and constitute an important source of turbulences. This
is in accordance with the findings of Lee et al. [3], who noticed that
in the IJF, in addition to the turbulence associated with a simple jet,
a shear between the inner and outer jets is a strong additional
source of turbulence. The results presented here suggest that the
crucial element to create the partially premixed blue flame is to
match those turbulences with the fairly uniform mixture by
providing the right amount of co-flowing gas. This is especially
visible when comparing together OH-PLIF, reactive flow acetone-
PLIF and cold-flow acetone-PLIF images as shown in Fig. 10.

Although the averaged OH-PLIF signal (Fig. 10) suggests that the
combustion process at a considered distance from the burner outlet
takes place in the area around the centre jet, the instantaneous
image shows that the OH radicals can be present also in the axis of
the nozzle. This together with highly corrugated and distributed OH
fluorescence areas indicate high turbulences. The cold-flowacetone
image in turn, shows that in that area the gas is already well mixed
Fig. 9. Instantaneous acetone-PLIF images for the cold-flow case recorded at
with air. At these conditions, the centre blue torch flame is
observed.
5. Conclusions

For the first time, the global structures of the inverse jet flames
stabilized on a coaxial burner were directly compared for two
different nozzle diameters for two specific cases: 1 - for the same
jet velocity and air/fuel velocity ratio; 2 e for the same Reynolds
number and equivalence ratio. The flame structure comparisonwas
supported by the results of the blow-off limits. This enabled the
identification of the most universal parameters used for mapping
global flame structures in terms of comparing flames emerging
from different geometrical burner arrangements, and the deter-
mination of the flow conditions under which a blue flame of a high
degree of partial premixing can be observed.

The comparison of the average OH* chemiluminescence in-
tensity for two different air nozzles showed that similar flame
structures can be observed when both the equivalence ratio 4 and
the Reynolds number of the centre jet Reair are the same. The blow-
off characteristics had similarities over a limited range (overlapping
part) only if they were represented in the equivalence ratio-
Reynolds number coordinate system. For other cases the charac-
teristics exhibited only shape similarities. These two observations
lead to the main finding of the study that instead of the jet velocity
a frame rate of 10 Hz; visualized area starts 1 mm from the burner exit.



Fig. 10. The flame of the high degree of partial premixing: visible appearance; OH fluorescence (average and instantaneous); acetone fluorescence in reacting flow; acetone
fluorescence in cold flow conditions, respectively from the left; note that the images were not taken at the same time.
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and velocity ratio (of centre jet to surrounding co-flow), the
equivalence ratio 4 and Reynolds number of the centre jet Reair
should be used to characterize the IJFs. This is important in terms of
new studies, and for interpretation and comparison of the previous
works. Moreover, it constitutes valuable input for the development
of practical systems by indicating the most important parameters
necessary to create flames with desired global structures and
properties.

Among the recorded flame structures, that of a high degree of
partial premixing was achieved when the Reynolds number of a
centre jet was around 5600 and the equivalence rationwas slightly
below 2.3. The instantaneous OH* chemiluminescence images of
this flame suggested that in the jet area, where a high intensity of
OH* chemiluminescence was observed, highly turbulent structures
were present; while in the base flame area the recorded signal was
very similar to that in the averaged images, where the flame had
laminar diffusion flame features - appearing as a yellow stable
flame.

The second part of the study provided an overview of the local
flow and flame structures in the area of the blue torch of the
desirable partially premixed flame (Reair ~ 5630 and 4 ¼ 2.27). The
OH-PLIF results were consistent with the instantaneous OH*
chemiluminescence results and suggested the presence of high
turbulence in the torch area as well. The acetone-PLIF results
showed that the shear layer between the centre jet acts in twoways
to create the blue flame in the torch area: by turbulising the flow
and mixing the co-flowing gas and air. The vortices, which are
generated at the shear layer play the crucial role in these processes.
They drag the co-flowing gas into the air jet and are expected to
disintegrate into smaller structures further downstream. The
initially separated gas and air created a narrow stream of a fairly
uniform mixture 20 mm downstream. The cold-flow acetone-PLIF
results showed that further downstream - in the area of highly
turbulent structures - methane was well mixed with air, creating a
fairly uniform mixture as well. Considering these observations, it
might be speculated that the overlap of high turbulence and
flammable mixture areas is required for creating a partially pre-
mixed blue flame out of an initially non-premixed flame in an in-
verse coaxial burner arrangement.
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Nomenclature

Aair flow area of the air
Afuel flow area of the fuel
AFR air to fuel ratio
AFRstoich stoichiometric air to fuel ratio
C1 constant
C2 constant
dair air nozzle diameter
_mair mass flow of the air
_mfuel mass flow of the fuel
Re Reynolds number
Reair Reynolds number of air jet
vair velocity of the air
vfuel velocity of the fuel
Vr velocity ratio
4 equivalence ratio
n kinematic viscosity

Abbreviations

ICCD intensified charge-coupled device
IDF inverse diffusion flame
IJF inverse jet flame
Nd:YAG neodymium-doped yttrium aluminum garnet
PLIF planar laser-induced fluorescence
SHG second harmonic generator
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