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Abstract

Graphical abstract

Flame stability is one of the main challenges facing the different combustion
applications. A lot of undesirable phenomena such as blow-off and flashback may
occur according fo the instability of the flame causing damage to the overall
combustion system. Therefore, it is necessary to develop methods which help improve
the combustion process and obtain wider flame stable regions. Among these
methods, swirling flows and bluff-bodies are the most commonly used in flame
stabilization. These may create central recirculation zones (CRZ's) that, in turn,
recirculate the heat and active chemical species to the root of flame, improving the
reactants mixing and as a result, flame stability. Hence, the current article presents an
overview of flame stability mechanisms and the operation map using swirling flows
and bluff-bodies. The effect of the swirl number (S) and burner’'s geometry, as well as
the influence of the bluff-body shape, size and position on the flame stabilization
mechanisms are discussed.
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1.0 INTRODUCTION

combustors.  Through the flame stability, the
flashback and blow-off limits of flame can be known.

life, as it is considered the main part in the operation
of many applications that use combustors such as
the industrial furnaces, gas furbines and steam
generators [1, 2]. Unfortunately, the combustion
process emits many emissions such as carbon dioxide
(CO2), nitrogen oxides (NOx), soot, efc., which affect
the climate and human health [2, 3]. In general, the
ratio of fuel-air mixture, burner geometry, and
turbulence level are considered major factors
affecting the combustion process represented by the
stability and efficiency of combustion as well as the
emissions level [4]. Therefore, it is necessary to focus
on these factors during the design process to get a
combustion device that works with  good
performance and lower emissions.

Among these factors, the flame stability is an
important issue that must be focused on in the

be determined between these limits [5-8]. The use of
swirling flows and bluff-bodies greatly helps to
stabilize the flame in most combustion devices [?-11].
The swirl flow leads to creating a cenfral recirculation
zone (CRIZ), where it works to recirculate the heat
and active chemical species to the root of flame,
hence stabilizing the flames in zones of relatively low
velocity [12, 13]. As for the bluff-body, it is also an
effective method for stabilizing the flame, as it helps
fo create a region of hot gas recirculate, which in
furn improves the mixing process [14, 15]. However,
the recirculation zones created by the bluff-body
and swirl flow, are not only improved from the mixing
process but also return the products of hot
combustion to ignite the incoming mixfure, thus it
leads to stabilization the flame, in addition fo
reducing the emission levels of carbon monoxide
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(CO) and nitrogen oxides (NOx) [16, 17]. Although
most of the previous studies proved that the swirl
flows act as an effective method of flame
stabilization, it can also be more prone for flashback
to occur [18]. Whereas in case of existence the bluff-
body in the combustors it significantly helps to
reduce the occurrence of flashback [19].

Several previous studies have investigated the
effect of swirling flows and bluff-bodies on flow
characteristics and flame stability. Gao ef al. [1]
(2023) investigated numerically the effect of swirl
number and bluff-body on flow characteristics. They
discovered that the presence of the bluff-body in the
swirling flows helps in the formatfion of the inner
recirculation zone (IRZ) as well as acts as a source of
flow turbulence, leading to the formation of large-
scale vortex structures, which is appropriate. Yellugari
et al. [20] (2020) observed that the presence of the
bluff-body helped in the formation of central
recirculation zones (CRZ) even at low swirl numbers (S
= 0.52), and as the swirl number increased, the CRZ
moved upstream and caused flashback. An
experimental study on the effect of swirl number on
the stability of a CHs-air/O2 swirling flame was
performed by Chakchak et al. [21] (2023). They found
that the flame stability map improved and a better
attached flame was obtained with an increase in the
swirl number. Behzadi et al. [9] (2022) studied the
effect of the bluff-body size on the flashback and
blowoff limits of a premixed natural gas flame in a
swirl burner. They reported that the blowoff limits
were slightly affected, while the flashback limits were
greatly affected by the change in the bluff-body size.

Therefore, focus should be placed on the flow
field because any change in the swirl number, burner
geometry, size, and position of the bluff-body will
lead to a change in the flow structure and thus
combustion instability (flashback or blowoff). These
phenomena (flame flashback and blowoff) are
considered dangerous and undesirable problems
during the combustion process because they can
lead to damage and corrosion of the combustion
device. Thus, there must be a comprehensive and
detailed understanding of these two phenomena to
obtain a more stable flame.

2.0 SWIRL FLOW
2.1 Swirl Flow Characterization

Swirl flows are used in several combustors likes boilers
[22]. furnaces [23], gasifiers [24] and gas turbines [25].
The benefit of using swirl flows is their ability to form a
central recirculation zone which helps to improve the
reactants mixing and reducing emissions, this means
controling the combustion process and stabilizing
the flame [26, 27]. Swirl flow can be obtained either
by using fangential inlets for air and fuel entry [28], or
by using swirl with vane guide [29] as shown in Figure
1 (a and b). The tangential inlets are positioned
perpendicular to the burner's center axis to create a

swirling flow, where the oxidizer is infroduced through
the tangential inlefs resulting in a flow circulating
around the axial injector. As for the fuel, it can be
mixed in advance with air and entered from the
tfangential inlets, or it can be entered axially through
an injector. In the case of axial inlets, vane guides
fited at an angle are placed in the flow field of air or
fuel-air mixture to obtain a vortex.

For both of the above methods through which
swirl flows are generated, in the case of using
tfangential inlets, the performance of the burner in
forming a vortex in the inner wall core is better if
compared with those using vane guides [30]. Despite
the better performance of the tangential inlets
system, but it has defects in the higher degree of
asymmetry in addition to the effects associated with
the vortices formed the burner inner wall [19].

Fuel
Fuel-air primary mixing zone l

1344

Air

25% Insert

) i
Fuel

Figure 1 Swirl by (a) tangential inlets [28] and (b) vane guide
[29]

When air or mixture is introduced in both
tfangential and axial states, a swirl flow is obtained,
and this, in turn, leads to create a region of low
pressure in the flow core accompanied by opposite
pressure gradients, and hence a central recirculation
zone (CRZ) is created [28]. Swirl flow can be
described by many parameters such as swirl number,
geometrical swirl number, strouhal number and
Reynolds number [31, 32]. Swirl number (S) is chosen
to determine the swirl force; this is because the swirl
number greatly affects the combustion intensity,
flame stability and flame length [33]. Swirl number (S)
is defined as the rafio between the axial flow of
angular momentum and the axial flow of axial
momentum multiplied by the radius of equivalent
nozzle [13], and swirl number is a dimensionless
number.

Gy
§=—— (1)
G, *1,

R

Gy = erpj (uw)r® dr (2)
R R

G_r=2rer. u:rdr+2rrJ.prdr (3)
0 0

Where, u and w represents the axial and tangential
velocities, while p represents the flow pressure.
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There are three types that can be identified of stream
swirl, when the swirl number (S<0.6) it's called the
weak swirl, (5=0.6) is called the critical swirl and
(S>0.6) is called the strong swirl [34, 35].

2.2 Vortex Breakdown (VB)

Vortex breakdown is a phenomenon occurs in swirl
combustors. This is because the swirl flows greatly
help to create a central recirculation zones (CRZ),
which in turn is considered a form of vortex
breakdown [36]. The phenomenon of vortex
breakdown refers to a sudden expansion in the flow
field when the swirl number (S) is higher than the
critical value (which is believed to be S = 0.6) [36, 37],
characterized by deceleration in the flow field, which
leads to the development of a stagnation point, after
which is followed by a separation region with
disturbances behind [37]. Increasing swirl number
leads to the development of strong coupling
between the components of tangential and axial
velocity. When this coupling reaches a point where
the kinetic energy for the flow cannot overcome the
adverse pressure gradient, a recirculation zone is
developed, and hence the vortex breakdown [37].

Some cases for the vortex breakdown
phenomenon have been described as turbulent and
laminar flows [38]. A variety of research studies are
conducted to observe the vortex breakdown. [36-39]
they found seven different types of vortex
breakdown. In swirling flows, three forms were
considered to be the more distinguished: bubble,
spiral, and double helix types [36-40].

2.3 Swirling Flow Structure

Structures of coherent flow will form downstream of
the swirler when vortex breakdown occurs. The most
distinctive structures in the flow field are the central
recirculation zone (CRZ) formed by vortex
breakdown, the shear layers (SL) at the outer edge,
and the precessing vortex core (PVC) that surrounds
the CRZ [41, 42]. These structures formed downstream
of a gas turbine swirl burner which can be illustrated
in Figure 2. The presence of these structures in the
flows has a significant desirable and undesirable
effect on the flame stability.

Corner or outer recirculation Vortex breakdown-induced
zone (ORZ) CRZ

Flame I /

;//% .

Bluff body

AY
(PVC) located on the \

boundary of the CRZ Streamlines

Shear layer (SL)

Figure 2 Structures of coherent flow formed downstream of
the swirl burner, reproduced by [43]

The structures that occur during swirling flows have
been widely described and studied by several
previous studies [44 - 47]. It has been proven that the
presence of structures in the form of a CRZ, increases
flame stability [48], whereas the existence of
structures in the form of PVC leads to instability.
Moreover, when the vortex breakdown is strong, it
can lead to create an inner recirculation zone (IRZ)
along the axis of the burner [49]. In the IRZ, the
products of combustion recirculate and help to burn
the incoming mixture continuously. This zone also
works as an aerodynamic blockage in flame
stabilization [26, 50]. Additionally, during swirling flows
a sudden expansion from the dump plane or nozzle
to the surrounding environment occurs. This sudden
expansion leads to the creation of outer recirculation
zones with low pressure (ORZ) which greatly helps in
flame stabilization. As well as, shear layers (SL) can
occur in swirling flows due to the bluff-bodies, and
this leads to increase the turbulence level and
improves the mixing process [49, 50]. These shear
layers are the inner shear layer (ISL) and the outer
shear layer (OSL). The flow structures for a confined
swirl flame can be illustrated as in Figure 3 [51].
Therefore, in the regions with high rates of stretch,
swirl flows give a more stable flame [52], and allow
extending the blowoff limits of the flame [53].

Figure 3 Flow structures for a confined swirl flame [51]

2.4 Flame Stabilization by Swirling Flow

During the combustion processes, flame stability is
considered an important issue that must be focused
on, since instability can cause some undesirable
phenomena such as blow-off and flashback, which
leads to damaging the combustion systems [5, 20,
54]. Blowoff occurs when the flow velocity of the
incoming mixture exceeds the flame speed and then
causes the flame to leave the burner edge and it
separates from the source. Blowoff can be
influenced by the fuel type, burner geometry and
mixing ratio [54, 55]. Whereas flashback occurs, when
the flame speed is greater than the speed of the
incoming mixture and this leads fo the penetration
the flame into the fuel mixing region [54, 56-59]. There
are four flashback mechanisms: boundary layer
flashback,  combustion  instabilities  flashback,
furbulent core flashback and combustion induced
vortex breakdown [60, é1]. Therefore, the flashback is
more complex if compared to the blowoff.
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Therefore, it is necessary to search for ways to help in
improving the combustion process and the stability of
flame, and to get rid of these undesirable
phenomena. There are several ways in which stable
flames can be obtained such as swirling flows, bluff-
body, opposed jets and sudden expansion efc. [62].
In this paper, the focus will be on swirling flows and
bluff-bodies.

Swirling flows are used in various industrial
combustors, and their primary advantage is to create
a CRZ that greatly helps in flame stabilization [48]. The
formed CRZ causes to effectively recirculate the
active chemical species and mix them with the
incoming reactants, consequently, enhance the
flame stability [12, 13, 63, é4]. Also, the recirculation
of reactants leads to increase the flame speed, due
to an increase of the turbulence level [65]. Moreover,
swirling flows are characterized by their high rates of
the air-fuel mixture enfrainment, most of which are
near the boundaries of CRZ wall, which in turn helps
to decrease the combustion lengths [66]. Therefore,
the use of swirling flow technique gives robust to the
flame, as well as to maintain the flame's attachment
with the burner nozzle, and improves the stability
process [67-70]. The use of swirling flow to obtain a
stable flame has been the subject of several previous
studies [13, 21].

2.4.1 Effect of Swirl Number

In swirl combustors, there are several factors that
influence or help fo stabilize the flame, among these
factors is the swirl number and the method of swirl
generation [28]. Saediamiri et al. [71] (2014) studied
experimentally the impact of the swirl strength on a
non-premixed biogas flame stability limits. They found
that swirl plays an important role, which can
significantly affect the flame stabilization limits. An
experiment to investigate the swirl number impacts
the premixed flame behavior for a various mixtures in
swirl combustor that has been implemented by
Yilmaz ef al. [72] (2020). From the results, they noficed
that the swirl intensity is one of the main factors by
which the behavior of the flame can be determined.
They found that a change in the swirl number had a
slightly impact on the stability of the flame.

The influence of swirl on a biogas flame's stability
was verified experimentally by Rowhani and
Tabejomaat [73] (2015), where the swirl was
generated using swirler blades in the air flow at
different angles of 30° 45° and 60° to obtain a
variable swirl number. Compared to the non-swirling
air flow, they found that the swirling air flow improved
the stability limits of flame approximately four or five
times. It was also observed that the flame is attached
to the burner edge in case of the low swirl (30° swirler
blades), while it lifts off and stabilizes at the
downstream of a burner with increasing swirl number
(45° and 60° swirler blades).

Syred et al. [74] (2014) caried out an
experimental study fo evaluate the impact of
changing the swirler vanes angle on the blowoff limits

of a premixed flame using natural gas (NG). They
found that the blowoff limits were poor in case of the
low swirler vanes, whereas in the high swirler vanes
the blowoff limits improved, as shown in Figure 4 (a).
Also, an experimental and numerical analyses to
evaluate the impact of swirler vanes angle on the
lean blowoff limits (lean BLO) of a premixed
methane-air flame in a swirl burner have been
conducted by Zubrilin ef al. [75] (2016). They reported
that the lean blowoff limits improve with the
increasing angle of swirler vanes. The results
indicated that the findings of the numerical
simulation and the experimental data are in a
satisfactory agreement, as shown in the Figure 4 (b).
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Figure 4 (a) Blowoff limits of premixed natural gas flame and
(b) Numerical and Experimental lean blowoff limits for
methane flame (Produced from datain [74, 75])

Gorelikov et al. [76] (2021) investigated the effect
of swirl number (S =0, 0.3 and 0.75) on the premixed
butane-propane/air flame structure at constant
equivalence ratio using a swirler with radial vane at
the burner exit. They reported that the flame shape
and length could be controlled with increasing of the
swirl number. They also noticed that the CRZ is
formed when the $>0.6, which in turn improves the
mixing process between the products of hot
combustion and the incoming mixture; hence it
changes the flame shape.
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Dam ef al. [77] (2011) performed an experiments to
examine the influence of swirll number on the
premixed flame flashback from different fuel blends
of H-CO and syngas fuel. They noted that when the
swirl is high, the formed recirculation zone is more
intense. This in furn gives more stability in the flow field
and thus reduces the tendency of flame flashback.
So, they found that increasing swirl number, the
flame flashback tendency decreases with respect to
a given flow rate of air as shown in Figure 5.

59 — 4= 10%H2+90%CO, S = 0.97
45 —-= 15%H2+85%CO, S = 0.97
4 —+  20%H2+80%CO, S = 0.97
Stable —0—10%H2+90%CO, S = 0.71
3.5 ——15%H2+85%CO, S = 0.71
3 ——20%H2+80%CO, S = 0.71
2.5 R :
— 2 4 e o, s
1.5 -
1 A Flashback
0.5 1
0 T T T T T J
2 3 4 S 6 7/ 8
Air flow rate (g/s) i

Figure 5 shows limits of flashback at various blends of a
premixed H>-CO at S = 0.97 and 0.71 (Produced from data
in [771)

The influence of swirl number on the premixed
flame flashback and blowoff of a coke oven gas
(COG) (65% H2 / 25%CH4) and methane in a swirl
burner has been studied by Syred et al. [74] (2014).
They reported that when the CRZ was extensive and
developed, a flame blowoff was observed to occur.
Whereas two types of flashback have been found,
flashback occurred first at low swirl numbers and
again through the outer boundary layer. They found
that there was an improvement in the flashback, but
the blowoff is slightly worsened with the increased of
swirl number from 0.8 to 1.5. The blowoff and
flashback data for COG at (S = 0.8, 1.04 and 1.46),
and CH4 at (S = 0.8, 1.04, 1.2 and 1.5) can be
illustrated in Figure é (a and b), respectively.
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Figure 6 Blowoff and Flashback limits at various swirl number
(a) for COG and (b) for CH4 (Produced from data in [74])

Jerzak and Kuznia [78] (2016) performed
experiments to determine the swirl number effect on
the flame blowoff and flashback limits in a tangential
swirl burner, using premixed natural gas (NG) with
three different oxidizers (air, air enriched with 25% Oz,
and air enriched with 25% O2 and an addition of 15%
CO2) at swirl numbers of (S =0.69, 1.16 and 1.35). The
results indicated that for all mixtures used, the limits of
the stability map (represented by the flame blowoff
and flashback) improved as the swirll number
increased, as shown in Figure 7 (a, b and c¢).

Also, the flashback and blowoff limits (operation
map) of a premixed methane flame at two swirl
numbers (S = 1.2 and 1.5) has been studied by
Abdulsada [79] (2019). A significant improvement
was observed in the mixing process of the reactants
at the swirl number more than 1. Therefore, there was
no significant difference in the operation map when
the swirl number was changed from 1.2 to 1.5, as
shown in Figure 7 d.
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Figure 7 Blowoff and Flashback limits at various swirl number
(a) NG-21%02+79%N2, (b) NG-25%02+75%N2, (c) NG-
25%02+15%C0O2+60%N2 and (d) CHs4 — air (Produced from
datain [78], [79])

It can be noticed that the swirl number (S) is an
important factor that can affect the flow field and
the flame characteristics in a swirl combustors
through Figures (4 — 7) which are produced from the
data in the previous studies. Increasing the swirl
number decreases the flashback tendency, but the
blowoff worsens slightly, while the flame stability map
improves. This can be explained that the swirling
flows nature creates a cenfral recirculation zone
(CRZ) which is believed to be at the swirl number =
0.6 [80]. However, with the swirl number increases
more than this value (0.6) and will increase the shape
and size of the CRZ as well as the turbulence level,

which in turn results in improved mixing process
between fresh reactants and hot products and
enhances and increases the flame stability map
significantly.

It was also noted that there are very different
directions for flashback and blowoff, although some
researchers have used similar or somewhat close swirl
numbers. This can be aftributed to the different
operating conditions as well as the difference in the
type of fuel used, which is considered a major
reason. In addition, it was noted that in the case of
comparison between swirl numbers that are greater
than 1 and the difference between them is little,
there was no significant difference in the tendency of
flashback and blowoff. This is due to the fact that
when the swirl number is greater than 1, it gives a
good mixing process for the reactants [79].

2.4.2  Effect of Swirl Burner Geometry

The change in burner geometry is considered as one
of the factors that can significantly impact the field
of swirling flow and the flame stability map. A large
number of research work has been conducted by
changing or adding some parts to the burner for
preventing or eliminating flashback and blowoff of
the flame (i.e enhancing flame stability).

In addition to the swirll number's impact,
Abdulsada  [79] (2019) conducted another
experimental study, which is the effect of adding
cylindrical and conical confinement to the burner
nozzle on the stability map of a premixed methane
flame in a swirl burner as shown in Figure 8, at swirl
number (S = 1.2). It was found that the addition of
both cylindrical and conical confinement increased
the operating map compared to the open flame, as
shown in Figure 9 a.

B) Confined swirl burner
(Cylindrical confinement &
conical cup exhaust)

'A) Unconfined swirl
burner (open flame)

Figure 8 The tangential swirl burner with different nozzle
configurations [79, 81]

An experimental study fo examine the impact of
exhaust confinement on the stability limits of
premixed methane (CHs4) and blends of 30%H:2 -
70%CHa4 flames with the same burner shown in Figure
8 but at S = 0.8 was implemented by Abdulsada et al.
[81] (2012). They reported that the better blowoff
limits were with blends of 30% H2 - 70% CH4+ compared
to 100% CHa4 as shown in Figure 9 b. This may be due
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to the hydrogen existent in the blends, which in furn
cause the turbulent burning velocity fo increase. On
the other hand, they found that the blowoff limits are
greatly improved with the use of confinement
(cylindrical and conical cup) compared to the case
of without confinement, where the best results were
found in the case of confinement with conical cup.
Consequently, the use of exhaust confinement leads
a wider operating map compared to open flames.
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Figure 9 (a) Operation map of pure methane and (b)
Blowoff limits of pure methane and blends of 30%H2+70%CH4
(Produced from datain [79], [81])

Livu ef al. [82] (2020) conducted an experimental
investigation to assess the impact of the injection
nozzle geometry on the flame blowoff limit. They used
four different shapes of the injection nozzle (circle,
cross, rectangular, and friangle), as shown in Figure
10. They reported that as the fuel jet's velocity
decreased, the blowoff limit of the flame was slightly
aoffected by the nozzle geometry, whereas it was
significantly impacted by the increase in fuel jet
velocity. In the case of high velocity in the fuel jet,
they found that the ftriangular nozzle gave the
maximum blowoff speed, while the minimum blowoff
speed was for the rectangular nozzle.

Figure 10 The geometry of the injection nozzles used [82]

Al-Fahham et al. [83] (2017) studied the impact of
adding the microsurfaces grid as an inner lining to
the nozzle on flame flashback in a tangential swirl
burner experimentally and numerically, as shown in
Figure 11. They noficed good agreement between
both numerical and experimental results. The results
revealed that the use of these microsurfaces has
slightly enhanced the flame flashback, which gave a
wider stability map compared to those without using
the microsurface, as illustrated in Figure 12 a. They
also found that the flame diameter with the
microsurfaces was 5% lower than those without the
microsurfaces.

Figure 11 The tfangential vortex burner with the
microsurfaces grid used [83]

The influence of the swirl burner rim length rafio to
its diameter on the LPG flame stability map has been
verified by Al-Naffakh ef al. [84] (2019). They tested
three different burner neck lengths (L =5, 10, and 15
cm) with a diameter of 5 cm, as illustrated in Figure
13. They found that with increasing burner neck
length, blowoff limits were improved, while flashback
occurring was accelerated as shown in Figure 12 b.
They also reported that as the burner neck's length
increased, the swirl strength decreased.
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-=-BLO
5 FB without Grid
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Tangential velocity (m/s)
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Equivalence Ratio @ (-)
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Figure 12 (a) Flashback limits for with and without using
microsurfaces and (b) Operation map for three different
lengths of burner neck L = 5, 10 and 15 cm (Produced from
datain [83], [84])

Figure 13 The swirl burner with different burner neck lengths
(84]

Therefore, through previous studies, it was noted
that any change or addition to the burner geometry
can aoffect the blowoff and flashback limits
(operational map). This can be explained as in swirl
combustors that the characteristics of the flow field
can be greatly changed because of the interaction
between swirling flows and the geometries of the
burner. Consequently, this change can affect the
central recirculation zones (CRZ) that are formed as
a result of the swirling flows and the stability of the
flame.

It can be seen that the presence of confinement
in the burner nozzle greatly improves the operatfing
map. and the reason for this improvement is that the
presence of confinement maintains the CRZ staying
for a longer distance, and helps to stabilization the
flame [79]. Additionally, properties of the burner
nozzle inner wall can have a significant impact on
the flame propagation [83]. This occurs when the
parallel flow of the mixture interacts with the inner
surface of the nozzle wall, which leads to enhancing
the velocity gradient due to the adverse pressure
gradient which is produced from the viscous drag

generated during the interaction. Therefore, the wall
roughness degree has a clear effect on the flame
characteristics, where it leads to enhancing the heat
fransfer process, and increasing or decreasing the
shear wall stress [85]. As for the geometry of the
injection nozzle, it had a great impact on blowoff
limit when the velocity of fuel jet increased. This is due
fo the moment of inerfia, which is considered as a
major parameter in material mechanics [82].

3.0 BLUFF-BODY

Flame stability is a topic of great interest in a wide
variety of combustion applications including gas
turbines, furnaces, steam generators for heat
recovery, afterburners, etc. [1, 14, 65]. Therefore, the
bluff-body (or so-called flame holder) is considered
as a practical method that has been widely used,
where it has the ability to stabilization the flame and
fo confrol the combustion process [14, 86-88]. For
many years, the use of bluff-bodies as flame
stabilization means has been verified by the several
researchers [89-92]. The benefit of using the bluff-
body is creating a recirculation zone for the hot gas
behind it which helps to re-ignite the mixtures, hence
stabilization the flame [14]. On the other hand, the
bluff-body can negatively influence the stabilization
of flame as well as the flow field, which is considered
as an unstable vortex, and can lead to blowoff of
flames [93].

In general, the main problems that face the bluff-
body especially in the gas furbine combustors is the
high temperatures and convection of its surface,
which affects the lifetime of the combustion system
[?4]. There are different shapes of bluff-bodies that
have been used in many studies; the most commonly
used are discs, cylindrical rods, cones [95].

3.1 Flame Structure in a Bluff-Body Burner

The flame structures stabilized by the bluff-body are
considered of great interest because they are closely
related to the characteristics of flame stabilization.
Typical flow field structures of a stable flame with the
presence of a bluff-body are illustrated in Figure 14
[96]. where these structures have been studied by
many previous studies, most notably [96-98]. The
figure shows that the recirculation zone contains two
types of vortices: the outer vortex caused via the air
flow and the inner vortex caused via the fuel jet [98,
99]. For the shear layers, there are three layers: the
first is located between the zones of outer vortex and
air flow that called the outer air shear layer, the
second is positioned between the zones of inner
vortex and the jet of central fuel and called the inner
air shear layer, and the third is located between the
zones of inner and outer vortex that is called the fuel
shear layer (or intermediate layer) [97, 98], where
there are significant velocity fluctuations because of
strong velocity gradients. Near the stagnation point
and downstream of the recirculation zone the neck
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region is located, it also contains big fluctuations
because of the interaction between the annular air
flow and the fuel jet [100]. Flow structures can be split
by the ratio of fuel-air flow velocity that is considered
as an important parameter, where they can be four
or three modes [96, 97]. Also, the stagnation point
position is related to the ratio of fuel-air velocity [101].
The shear layer can control its position and shape by
changing the position and geometry of the bluff-
body as well [102].

Flow fields can change with bluff-body size, and
the flame structure [103]. Three stable modes of
flame structures were observed with bluff-body: the
flame of the recirculation zone, the jet-like flame, and
the central jet-dominated flame. Additionally, they
identified the split flames, split flashing flames and lift-
off flames that appeared under specific operational
sifuations [99]. Also through another study, different
flame patterns with bluff-body were identified which
are fturbulent flame, unstable flame, jet flame,
upraised flame and bubble flame by [104].

neck zone stagnation point

recirculation zone — 1] fuel shear layer

f

outer vortice ,_+— inner air shear layer

/ - outer air shear layer

A — pipe

‘air  'fuel — bluff-body

Figure 14 schematic of the flow fields with the presence of a
bluff-body and central fuel jet [96]

3.2 Flame Stabilization by a Bluff-Body

Flame stability is an important issue and considered
as a major factor for obtaining good performance in
various combustors such as gas turbines, industrial
furnaces, heat recovery, afterburner, and steam
generators [1, 14, 65]. To achieve good flame stability
in the combustors, it is necessary to focus on the flow
field which is considered as a critical factor. In
addition, some operational parameters must be
taken into account like: mixing quality, fuel
distribution uniformity, temperature distribution, flame
length, attachment and dynamics of flame [105,
106].

Therefore, the bluff-body is one of the methods
widely used to stabilize the flame in many industrial
applications [?, 10, 14]. The main benefit of using
bluff-bodies is the creation of recirculation zones
which in turn help to improve mixing of the reactants,
and the combustion process [65, 88, 107]. In addition
to improving the mixing process, the recirculation
zones circulate the hot gases behind the bluff-body,

which helps to re-ignite the incoming mixture
continuously and hence enhances the stability of the
flame [16, 108]. In the diffusion combustion process, a
bluff-body with a central jet is often utilized to
stabilization the flame, whereas a solid cone or solid
plate with various geometry shapes are used as a
bluff-body to stabilization the flame in the premixing
mode [88]. Due to the different combustion systems,
this prompted researchers in this field to take some
parameters info considerafion. Among these
parameters are the effect of bluff-body geometry
represented by the position of the bluff-body [109],
shape of the bluff- body [110, 111] and the blockage
or confinement ratio [10, 111]. There are also other
parameters such as turbulence intensity, flow speed,
temperature of the flame holder and stoichiometry,
in case of changing these parameters leads to flame
blowoff [112]. In addition, the contact between the
hot gases, the incoming mixture and the bluff-body
play a major role in the process of heat exchange
between the bluff-body itself and the flame, and this
affects the pressure distribution, coherent structure
characteristics, blockage ratio, and density ratio
[105, 113, 114]. In order to control the blowoff limits
using bluff-bodies, this can be done chemically by
heat transfer with the reactants mixture and
physically by altering the flow field. Therefore, a
numerous of previous studies have been done to
understanding the blowoff mechanism and the
flame stability using bluff-bodies [14-16, 112, 115, 116].

The influence of blockage ratio using bluff-bodies
with different blockage ratios of 0.4, 0.5, 0.6, and 0.7
was verified by Wan and Zhoo [117] (2020). They
found that with the increase in the blockage ratio,
the length of the recirculation zone increased.
Rowhani et al. [118] (2019) reported that the
recirculatfion zone length plays an important role in
the distribution of residence time and mechanism of
flame stabilizing.

A numerical study of the combustion
characteristics of a premixed hydrogen-air flame
using bluff-bodies of various shapes (circle, semi-
circular, friangle, ellipse, half-ellipse, crescent,
diomond, wall-blade and arrowhead) has been
implemented by Bagheri ef al. [110] (2014). They
found that the highest temperature of flame was in
the case of using the wall-blade as a bluff-body at
low speed (10 m/s) and equivalence ratio (0.5).

Tong ef al. [88] (2017) conducted experimental
investigation to examine the impact of central air
injection on the surface temperature of the conical-
shape bluff-body and blowoff of premixed methane-
air flames. The results indicated that the heat load to
the bluff-body surface decreased significantly with
the cenftral air jet. They also found that the central air
jet led to altered in the flame structures and made
the flames blowoff easier.

The influence of a bluff-body position on the
stability limits and structures of the methane-air
diffusion flame was studied experimentally and
numerically by Tong et al. [109] (2018). With the
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changing of the bluff-body position, it was observed
that the strength and size of the recirculation zones
have been changed downstream of the bluff-body.
They found that the flame was more stable when
placed (10 mm) over the annular channel outlet.
They also observed different patterns of flame, the
flames of recirculation zone, the stable diffusion, the
split and the liffed until the flame blowoff.

Tong et al. [98] (2018) carried out an experimental
and numerical study to examine the impact of
changing the bluff-body diameter (do=14 and 20
mm) on the flame structure. There was good
agreement for the simulation results and
experimental data. They found that the bluff-body
size could influence the position of the outer
recirculation zone. The results revealed that the air
driven recirculation zone was placed further
upstream close to a burner outlet, and also the flame
was more stable when the bluff-body diameter was
largest.

The flame behavior on a flame holder with
friangle-shape using propane, methane and
ethylene-air blends as a fuel was studied by Roy and
Cetegen [119] (2021). The changes in flame
dynamics were observed under highly combustion
and near blowoff conditions. They reported that the
structures of symmetrical flame moved slightly to the
asymmetric structures through decreasing
equivalence ratio until it reached to blowoff.

Rowhani et al. [120] (2022) implemented a
numerical and experimental study to determine the
impact of the bluff-body diameter (Dss = 38, 50 and
64 mm) on the flow field and distribution of the
residence time. They noticed that the length of the
recirculation zone increased with the increase in the
bluff-body diameter. They also observed that
increasing the bluff-body diameter from 38 to 64 mm,
the volume and length of the flame decreased by
9% and 20%, and the residence fime of the reactants
increased three times within the recirculation zone.

An experimental investigation to examine the
impact of various shapes of bluff-body (disc, V-
gutter, cone, horizontal and vertical cylinders) with
blockage ratios (B.R. from 0.25 to 0.55 with a step of
0.1) on the stability limits of a premixed LPG flames
has been performed by lbrahim ef al. [121] (2022).
For all forms of bluff-bodies, they found that when the
blockage ratio increases, flame temperature
increases, flame length decreases, and its diameter
increase. It was also observed that when the
blockage ratio increases, the region of stable flame
increases, where they found that the cone-shape
bluff-body had more stability region, whereas the
horizontal cylinder had the smallest stability region if
compared with other shapes of bluff-bodies as
shown in Figure 15 (a and b).
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2 o8 ——B.R.=0.45
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=
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=
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Figure 15 the flame blowoff limits for (a) for horizontal
cylinder shape bluff body at various blockage ratio (b) for
various shapes of bluff-body at B.R. = 0.45 (Produced from
datain [121])

Hatem et al. [122] (2021) carried out an
experimental investigation on the influence the bluff-
body diameter (D) on the limits of flame blowoff in a
tangential swirl burner. They reported that the
blowoff limits change dramatically with the external
diameter of the bluff-body changes. The resulfs
showed that the blowoff limits moved towards leaner
region with the small diameter of the bluff-body,
which gave a narrower stability map. However, the
blowoff limits occurred with a wider range for bluff-
body with large diameter, and this gave the
opfimum stability map as illustrated in Figure 16 (a).

In addition to the effect of the bluff-body
diameter, Hatem et al. [122] (2021) conducted
another experimental study, which is the effect of
using axial air injection at different positions (Lo = 0,
29, 75, 110 and 150 mm) inside the burner on the
flame blowoff limits. Compared with the bluff-body,
the results indicated that the operation map was
wider with the use of axial air injection. They reported
that the air-jet opening position can significantly
impacted the blowoff limits, where they found that
the wider range of the tangential velocity of inlet at
which the blowoff occurs was in the case of the
position Lo = 0 mm (baseline) and Lo = 150 mm. The
narrower ranges were for the tangential velocity of
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inlet to the other three positions, as shown in Figure 16
(b).
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Figure 16 the flame blowoff limits for (a) for various bluff-
body diameters (D), axial air injection and central fuel
injection (b) for various positions of air injection (Lo)
(Produced from datain [122])

Therefore, it can be noted that the use of the
bluff-body in combustors is considered as a good
technology and  contribute  significantly  to
stabilization the flame. This could be due to the good
mixing of the reactants as a result of the recirculation
zones that were created because of existence of the
bluff-body [65, 88, 107].

Despite the benefit of using bluff-bodies in flame
stability, some associated problems can affect the
stability map. For example the shape, size and
position of the bluff-body are important issues that
should be considered because of their effect on the
recirculation zones and hence the flame stability.
There are some shapes used as bluff-bodies that can
have negative effects on the stability of the flame
leading fo an accelerated blow-off occurrence and
a smaller operation map [121]. The diameter of the
bluff-body is another important factor. It is clear that
when the diameter of bluff-body increases, the
recirculation zone length increases, and this in turn
increases the residence time of the reactants within
the recirculation zone, and can enhance the stability
of the flame [120]. The position of the bluff-body also
plays a major role in stabilizing the flame, where the

strength and size of the recirculation zones alter as a
result of changes in the bluff-body position.

4.0 CONCLUSION

This article presents an overview of the flame stability
and the operation map represented by the limits of
flashback and blowoff in  combustors. Flame
stabilization mechanisms using swirling flows and
bluff-bodies methods are discussed. The use of these
two methods greatly helps to stabilize the flame,
where they can create cenfral recirculation zones
(CRZ's) that in turn recirculates the heat and active
chemical species to the root of flame, and enhances
the stability of the flame.

The review demonstrated that in the case of
swirling flows, the swirl number (S) is considered an
important factor that can influence the flow field and
flame characteristics, whereby an increase in the
swirl number improves the flame stability map. In
addition to the swirl number, any change or addition
to the burner geometry had a clear effect on the
swirling flow field, the blowoff, and flashback limits
(operational map). It was noted that the existence of
confinement in the burner nozzle significantly
improved the operating map, and the inner wall of
the burner nozzle also had a clear effect on the
propagation of flame during flashback.

As for the use of bluff-bodies, its shape, size and
position had an important role in stabilizing the flame
and controling the combustion process because it
affects the recirculation zones. It has been observed
that some bluff-bodies shapes can lead fo an
accelerated of the blowoff occurrence and a
smaller operating map. Increasing the diameter of
the bluff-body increased the length of the
recirculafion zone, as well as, changing the bluff-
body position led to change the strength and size of
the recirculation zones.

Conflicts of Interest

The author(s) declare(s) that there is no conflict of
interest regarding the publication of this paper.

Acknowledgement

The authors would like to express sincere gratitude to
the supervisor, Professor Doctor Fouad Alwan Saleh,
for his valuable guidance and support throughout
the research process. His expertise and insights were
invaluable in shaping the research and helping us to
overcome challenges. The authors also would like to
thank Mustansiriyah University, College of
Engineering, Mechanical Engineering Department,
Irag- Baghdad, for its support of this work.



12

Abdulrahman Shakir Mahmood & Fouad Alwan Saleh / Jurnal Teknologi (Sciences & Engineering) 85:6 (2023) 1-15

References

[

[2]

3]

[4]

[3]

1]

[7]

8]

191

[10]

(]

2]

[13]

[14]

[15]

[1¢]

Gao, Y., Zhang, X., Han, W., Li, J. and Yang, L. 2023.
Effects of Swirl Number and Bluff Body on Swirling Flow
Dynamics. AIP Advances. 13(2): 025246.

Elbaz, A. M., Wang, S., Guiberti, T. F. and Roberts, W. L.,
2022. Review on the Recent Advances on Ammonia
Combustion from the Fundamentals to the Applications.
Fuel Communications.100053.

Aziz, N. N. F. A. N., Said, M., Malik, M. S. A., Jaafar, M. N.
M., Othman, N., Ariffin, M. K. and Hassan, M. F. 2020.
Combustion Study of Waste Cooking Oil Biodiesel in an Ol
Burner. Jurnal Teknologi. 82(4).

Mansour, M. S., Pitsch, H., Kruse, S., Zayed, M. F., Senosy,
M. S., Juddoo, M., and Masri, A. R. 2018. A Concentric
Flow Slot Burner for Stabilizing Turbulent Partially Premixed
Inhomogeneous Flames of Gaseous Fuels. Experimental
Thermal and Fluid Science. 91: 214-229.

Hasan, K. S., Khwayyir, H. H. S., and Abd Al-wahid, W. A.
2020. Experimental Investigation of the Flame Stability
Map (operating Window) by Using a Tangential Swirl
Burner for the Confinement and Unconfinement Space.
IOP  Conference Series: Materials Science and
Engineering. 928(2): 022016.

Vance, F. H., Shoshin, Y., de Goey, L. P. H. and van Oijen,
J. A. 2022. An Investigation into Flashback and Blow-off for
Premixed Flames Stabilized without a Recirculation Vortex.
Combustion and Flame. 235: 111690.

Al-Naffakh, J., Al-Qassab, M. R., Neamah, B. T. and Al-
Makhzoomi, H. 2022. Experimental Investigation of
Blending Acetylene with Iragi LPG to Determine a Flame
Stability Map. J. Pet. Res. Stud. 12(1): 350-363.
AbdulAmeer, M. T., Shahad, H. A. and AbdulHaleem, S. M.
2020. Experimental Investigation of Iraqgi Liquefied
Petroleum Gas (ILPG)/H2/Air Premixed Flame Stability
Zone. Journal of Engineering and Technological Sciences.
52(5): 691-706.

Behzadi, M., Siyadat, S.H., Ommi, F. and Saboohi, Z. 2022.
Study of the Effect of Bluff Body Size on Stability Limits of a
Premixed Natural Gas Swirl Burner. Journal of Thermal
Analysis and Calorimetry. 1-14.

Kallifronas, D. P., Ahmed, P., Massey, J. C., Talibi, M.,
Ducci, A., Balachandran, R., Swaminathan, N. and Bray,
K. N. C. 2022. Influences of Heat Release, Blockage Ratio
and Swirl on the Recirculation Zone Behind a Bluff Body.
Combustion Science and Technology. 1-25.

Fooladgar, E., and Chan, C. K. 2017. Effects of
Stratification on Flame Structure and Pollutants of a Swirl
Stabilized Premixed Combustor. Applied Thermal
Engineering. 124: 45-61.

Baej, H., Akair, A., Diyaf, A., Adeilla, S. and Kraiem, A.,
2018. Modeling Effects of Outlet Nozzle Geometry on
Swirling Flows in Gas Turbine. The First Conference for
Engineering Sciences and Technology.

Khaleghi, M., Wahid, M. A., Saat, A., Fairus, M. Y. M., Sies,
M. M., Kamaruzaman, N., Rahman, M. M., Amri, M. M. and
Mohammed, H. A. 2016. Influence of Modified Air on
Combustion  Characteristics in  Meso-Scale  Vortex
Combustor. Jurnal Teknologi. 78(10-2).

Wu, B., Zhao, X., Chowdhury, B. R., Cetegen, B. M., Xu, C.
and Lu, T. 2019. A Numerical Investigation of The Flame
Structure and Blowoff Characteristics of a Bluff-body
Stabilized Turbulent Premixed Flame. Combustion and
Flame. 202: 376-393.

Zhang, W., Wang, J., Lin, W., Guo, S., Zhang, M., Li, G., Ye,
J. and Huang, Z. 2019. Measurements on Flame Structure
of Bluff Body and Swirl Stabilized Premixed Flames Close to
Blow-off. Experimental Thermal and Fluid Science. 104: 15-
25.

Hodzic, E., Jangi, M., Szasz, R. Z. and Bai, X. S. 2017. Large
Eddy Simulation of Bluff Body Flames Close to Blow-off
using an Eulerian Stochastic Field Method. Combustion
and Flame. 181: 1-15.

(7]

(e

(9]

[20]

[21]

(22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

(34]

(33]

Ishak, M. S. A., M. N. M. Jaafar, and Omar W. Z. 2014. The
Effect of Inlet Air Preheat on CO and NO Production in the
Combustion of Diesel in Canister Burner. Jurnal Teknologi.
71(2):163-172.

Hatem, F. A., Alsaegh, A.S., Al-Faham, M., Valera-Medina,
A., Chong, C. T., and Hassoni, S. M. 2018. Enhancing
Flame Flashback Resistance Against Combustion Induced
Vortex Breakdown and Boundary Layer Flashback in swirl
burners. Applied Energy. 230: 946-959.

Lasky, I. M., Morales, A. J., Reyes, J., Ahmed, K. A., and
Boxx, I. G. 2019. The Characteristics of Flame Stability at
High Turbulence Conditions in a Bluff-Body Stabilized
Combustor. AIAA Scitech 2019 Forum. 1734.

Yellugari, K., Villalva Gomez, R. and Gutmark, E. J. 2020.
Effects of Swirl Number and Central Rod on Flow in Lean
Premixed Swirl Combustor. AIAA Scitech 2020 Forum.
0433).

Chakchak, S., Hidouri, A., Ghabi, A., Ghoniem, A. F. and
Boushaki, T. 2023. Experimental Investigation on the
Stability of Turbulent Swirling Methane/air-O2 Flames.
Experimental Thermal and Fluid Science. 141: 110772.
Wang, Q.. Chen, Z., Li, L., Zeng, L., and Li, Z. 2020.
Achievement in Ultra-low-load Combustion Stability for an
Anthracite-and Down-fired Boiler after Applying Novel
Swirl Burners: From Laboratory Experiments To Industrial
Applications. Energy. 192: 116623.

Amiri, M., and Shirneshan, A. 2020. Effects of Air Swirl on
the Combustion and Emissions Characteristics of a
Cylindrical Furnace Fueled with Diesel-biodiesel-n-butanol
and Diesel-biodiesel-methanol Blends. Fuel. 268: 117295.
Fang, N., Zeng, L., Zhang, B., Li, Z., Wang, H., and Liu, X.
2019. Numerical Simulation of Flow and Gasification
Characteristics with Different Swirl Vane Angles in a 2000
t/d GSP Gaisifier. Applied Thermal Engineering. 153: 791-
799.

Zhang, Z., Liv, X., Gong, Y., Yang, Y., Tang, Z., Liu, G., and
Zheng, H. 2020. Experimental Study of Stratified Swirl Flame
Dynamics in a Model Gas Turbine Combustor. Energy.
211:118699.

Al-Naffakh, J. 2020. Experimental Investgation of the
Effect of Burner Geometry on Flame Stability. AL-Furat AL-
Awsat Technical University.

Zainul, M. N. M., Jaafar, M. N. M. and Lazim, T. M. 2017.
Effect of Varying the Double Radial Swirler Configuration
on the Fluid Dynamic and Emissions Performances in a
Can Combustor. Jurnal Teknologi. 79(7-3).

Alsaegh, A. 2022. Fundamental Characterisation of
Coherent Structures for Swirl Combustors. Doctoral
dissertation, Cardiff University.

Boushaki, T., Merlo, N., Chauveau, C., and Goékalp, I. 2016.
Study of Emission Pollutants and Dynamics of Non-
premixed Turbulent Oxygen Enriched Flames from a Swirl
Burner. Proc. Combust. Inst. 1-10.

Tong, Y. 2017. Experimental and Numerical Investigations
of Flames Stabilized by Swirl Flow and Bluff-body: Flame
Structures and Flame Instabilities. Doctoral Thesis.

Xiao, Y., Cao, Z., and Wang, C. 2018. Flame Stability Limits
of Premixed Low-swirl Combustion. Advances in
Mechanical Engineering. 10(%): 1687814018790878.

Karimi, N., McGrath, S., Brown, P., Weinkauff, J., and
Dreizler, A. 2016. Generation of Adverse Pressure Gradient
in the Circumferential Flashback of a Premixed Flame.
Flow, Turbulence and Combustion. 97(2): 663-687.

Chong, C. T., and Hochgreb, S. 2015. Measurements of
Non-reacting and Reacting Flow Fields of a Liquid Swirl
Flame Burner. Chinese Journal of Mechanical
Engineering. 28(2): 394-401.

laniro, A., Lynch, K. P., Violato, D., Cardone, G. and
Scarano, F. 2018. Three-dimensional Organization and
Dynamics of Vortices in Multichannel Swirling Jets. Journal
of Fluid Mechanics. 843: 180-210.

Flesberg, S. M., Taghavi, R. and Farokhi, S. 2018. Mixing
Enhancement in a Scramjet Combustor Using Fuel Jet



13

[3¢]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[571]

[52]

[53]

[54]

Abdulrahman Shakir Mahmood & Fouad Alwan Saleh / Jurnal Teknologi (Sciences & Engineering) 85:6 (2023) 1-15

Injection Swirl. 22nd AIAA International Space Planes and
Hypersonics Systems and Technologies Conference. 5381.
Zhang, Y. and Vanierschot, M. 2021. Modeling
Capabilities of Unsteady RANS for the Simulation of
Turbulent  Swirling Flow in  an Annular Bluff-body
Combustor Geometry. Applied Mathematical Modelling.
89:1140-1154.

Yuxin Zhang, Zvi Rusak & Shixiao Wang. 2019. Simulations
of Axisymmetric, Inviscid Swirling Flows in Circular Pipes
with  Various Geometries. Journal of Engineering
Mathematics. 119: 69-91.

Vanierschot, M., Mdller, J. S., Sieber, M., Percin, M., Van
Oudheusden, B. W. and Oberleithner, K. 2020. Single-and
Double-helix Vortex Breakdown as two Dominant Global
Modes in Turbulent Swirling Jet Flow. Journal of Fluid
Mechanics. 883: A31.

Lucca-Negro, O. and O'doherty, T. 2001. Vortex
Breakdown: A Review. Progress in Energy and
Combustion Science. 27(4): 431-481.

Moise, P. and Mathew, J. 2021. Hysteresis and Turbulent
Vortex Breakdown in Transitional Swirling Jets. Journal of
Fluid Mechanics. 915: A94.

Duwig, C., Fuchs, L., Lacarelle, A., Beutke, M., and
Paschereit, C. O. 2007. Study of the Vortex Breakdown in
a Conical Swirler using LDV, LES and POD. Turbo Expo:
Power for Land, Sea, and Air. 47918: 1-10.

Zhang, K., Ghobadian, A. and Nouri, J. M. 2020. Scale-
resolving Simulation of a Propane-fuelled Industrial Gas
Turbine Combustor using Finite-rate Tabulated Chemistry.
Fluids. 5(3): 126.

Beér, J. M. and Chigier, N. A. 1972. Swirling Flows.
Combustion Aerodynamics. 96-135.

Valera-Medina, A. 2009. Coherent Structures and Their
Effects on Processes Occurring in Swirl Combustors. Cardiff
University (United Kingdom).

Stéhr, M., Arndf, C. M. and Meier, W. 2015. Transient
Effects of Fuel-air Mixing in a Partially-premixed Turbulent
Swirl Flame. Proceedings of the Combustion Institute.
35(3): 3327-3335.

Zhang, K., Shen, Y. and Duwig, C. 2021. Identification of
Coherent Structures in Distributed Swirl-stabilized Wet
Combustion. Fuel. 296: 120685.

Zhang, J., Hu, B., Fang, A., Wang, Z. and Zhao, Q. 2020.
Analysis of Coherent Structures in Partly Confined Swirling
Flows. Aerospace Science and Technology. 107: 106280.
Ahmed, M. M. and Birouk, M. 2021. Mixing Tube Length
Effect on the Stability of Confined Swirling Partially
Premixed Methane Flames off a Concentric Flow Conical
Nozzle Burner. Combustion Science and Technology.
193(16): 2833-2855.

Runyon, J. O. N. 2017. Gas Turbine Fuel Flexibility:
Pressurized Swirl Flame Stability, Thermoacoustics, and
Emissions. Doctoral Dissertation, Cardiff University.
Jourdaine, P., Mirat, C., Caudal, J., and Schuller, T. 2018.
Stabilization Mechanisms of Swirling Premixed Flames with
an Axial-plus-tangential Swirler. Journal of Engineering for
Gas Turbines and Power. 140(8).

AL-ABDELI, Y. M., and Masri, A. R. 2007. Turbulent Swirling
Natural Gas Flames: Stability Characteristics, Unsteady
Behavior and Vortex Breakdown. Combustion Science
and Technology. 179(1-2): 207-225.

Stéhr, M., Boxx, I, Carter, C., and Meier, W. 2011.
Dynamics of Lean Blowout of a Swirl-stabilized Flame in a
Gas Turbine Model Combustor. Proceedings of the
Combustion Institute. 33(2): 2953-2960.

Ji, L, Wang, J., Hu, G., Mao, R., Zhang, W. and Huang, Z.
2022. Experimental Study on Structure and Blow-off
Characteristics of NH3/CHs Co-fiing Flames in a Swirl
Combustor. Fuel. 314: 123027.

Nemitallah, M. A., Abdelhafez, A. A., Ali, A., Mansir, |. and
Habib, M. A. 2019. Frontiers in Combustion Techniques
and Burner Designs for Emissions Confrol and CO:2
Capture: A Review. International Journal of Energy
Research. 43(14): 7790-7822.

[59]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Wan, J. and Zhao, H. 2020. Blow-off Mechanism of a
Holder-stabilized Laminar Premixed Flame in a Preheated
Mesoscale Combustor. Combustion and Flame. 220: 358-
367.

Hoferichter, V., Hirsch, C. and Sattelmayer, T. 2017.
Analytic Prediction of Unconfined Boundary Layer
Flashback Limits in Premixed Hydrogen-air Flames.
Combustion Theory and Modelling. 21(3): 382-418.
Kalantari, A., McDonell, V., Samuelsen, S., Farhangi, S.,
and Ayers, D. 2018. Towards Improved Boundary Layer
Flashback Resistance of a 65 kW Gas Turbine with a
Reftrofittable Injector Concept. Turbo Expo: Power for
Land, Sea, and Air, 51050: V04AT04A060. American
Society of Mechanical Engineers.

Baumgartner, G., Boeck, L. R., and Sattelmayer, T. 2016.
Experimental Investigation of the Transition Mechanism
from Stable Flame to Flashback in a Generic Premixed
Combustion System with High-speed Micro-particle Image
Velocimetry and Micro-PLIF Combined with
Chemiluminescence Imaging. Journal of Engineering for
Gas Turbines and Power. 138(2).

Goldmann, A. and Dinkelacker, F. 2022. Investigation of
Boundary Layer Flashback for Non-swirling Premixed
Hydrogen/ammonia/nitrogen/oxygen/air Flames.
Combustion and Flame. 238: 111927.

Eichler, C. 2011. Flame Flashback in Wall Boundary Layers
of Premixed Combustion Systems. PhD thesis, Technische
Universitat Munchen.

Verma, |., Yadav, R., Ansari, N., Orsino, S., Li, S. and Nakod,
P. 2022, June. Modeling of Flashback with Different Blends
of CH4 and H2 by using Finite Rate Chemistry with Large
Eddy Simulation. Turbo Expo: Power for Land, Sea, and Air
American Society of Mechanical Engineers. 86007:
VO3BT04A026.

Lieuwen, T. C. 2005. Physics of Premixed Combustion-
Acoustic Wave Interactions. Progress in Astronautics and
Aeronautics. 210: 315.

Zhang, B., Shahsavari, M., Rao, Z., Li, R., Yang, S. and
Wang, B. 2020. Effects of the Fresh Mixture Temperature
on Thermoacoustic Instabilities in a Lean Premixed Swirl-
Stabilized Combustor. Physics of Fluids. 32(4): 047101.
Barré, D., Esclapez, L., Cordier, M., Riber, E., Cuenot, B.,
Staffelbach, G., and Cabot, G. 2014. Flame Propagation
in Aeronautical Swirled Multi-burners: Experimental and
Numerical Investigation. Combustion and Flame. 161(9):
2387-2405.

Chowdhury, B. R. and Cetegen, B. M. 2018. Effects of Free
Stream Flow Turbulence on Blowoff Characteristics of
Bluff-body Stabilized Premixed Flames. Combustion and
Flame. 190: 302-316.

Bai, N. J., Fan, W. J., Zhang, R. C., Zou, Z. P, Zhang, C. X.
and Yan, P. L. 2021. Numerical Investigation into the
Structural Characteristics of a Hydrogen Dual-swirl
Combustor with Slight Temperature Rise Combustion.
International Journal of Hydrogen Energy. 46(43): 22646-
22658.

Durox, D., Moeck, J. P., Bourgouin, J. F., Morenton, P.,
Viallon, M., Schuller, T., and Candel, S. 2013. Flame
Dynamics of a Variable Swirl Number System and
Instability Control. Combustion and Flame. 160(9): 1729-
1742.

Merlo, N., Boushaki, T., Chauveau, C., de Persis, S., Pillier,
L., Sarh, B., and Gockalp, I. 2013. Experimental Study of
Oxygen Enrichment Effects on Turbulent Non-premixed
Swirling Flames. Energy and Fuels. 27(10): 6191-6197.
Palies, P., Durox, D., Schuller, T., and Candel, S. 2011.
Experimental Study on the Effect of Swirler Geometry and
Swirl Number on Flame Describing Functions. Combustion
Science and Technology. 183(7): 704-717.

De, A. and Acharya, S. 2012. Parametric Study of
Upstream Flame Propagation in Hydrogen-enriched
Premixed Combustion: Effects of Swir, Geometry and
Premixedness. Infernational Journal of Hydrogen Energy.
37(19): 14649-14668.



14

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

187]

Abdulrahman Shakir Mahmood & Fouad Alwan Saleh / Jurnal Teknologi (Sciences & Engineering) 85:6 (2023) 1-15

Saediamiri, M., Birouk, M., and Kozinski, J. A. 2014. On the
Stability of a Turbulent Non-premixed Biogas Flame: Effect
of Low Swirl Strength. Combustion and Flame. 161(5):
1326-1336.

Yilmaz, H., Cam, O., and Yilmaz, I. 2020. Experimental
Investigation of Flame Instability in a Premixed Combustor.
Fuel. 262: 116594.

Rowhani, A., and Tabejamaat, S. 2015. Experimental Study
of the Effects of Swirl and Air Dilution on Biogas Non-
Premixed Flame Stability. Thermal Science. 19(6): 2161-
2169.

Syred, N., Giles, A., Lewis, J., Abdulsada, M., Medina, A. V.,
Marsh, R., ... and GCriffiths, A. J. 2014. Effect of Inlet and
Outlet Configurations on Blow-off and Flashback with
Premixed Combustion for Methane and a High Hydrogen
Content Fuel in a Generic Swirl Burner. Applied Energy.
116:288-296.

Zubrilin, R. A., Zubrilin, 1. A., Matveev, S. S., and Matveey, S.
G. 2016. Gaseous Fuel Flame Stabilization in a Modular
Swirled Burner. Turbo Expo: Power for Land, Sea, and Air.
49767: VO4BT04A016, American Society of Mechanical
Engineers.

Gorelikov, E., Litvinov, I, and Shfork, S. 2021.
Aerodynamics and Characteristics of the Premixed Swirl
Flame. AIP Conference Proceedings. 2351(1): 030082, AIP
Publishing LLC.

Dam, B., Corona, G., Hayder, M., and Choudhuri, A. 2011.
Effects of Syngas Composition on Combustion Induced
Vortex Breakdown (CIVB) Flashback in A Swirl Stabilized
Combustor. Fuel. 90(11): 3274-3284.

Jerzak, W., and Kuznia, M. 2016. Experimental Study of
Impact of Swirl Number as well as Oxygen and Carbon
Dioxide Content in Natural Gas Combustion Air on Flame
Flashback and Blow-off. Journal of Natural Gas Science
and Engineering. 29: 46-54.

Abdulsada, M. H. 2019. Operational Gas Turbine Swir
Combustors Design Map for Pure Methane and Different
Outlet Configurations. Periodicals of Engineering and
Natural Sciences (PEN). 7(4): 1886-1891.

Litvinov, I. V., Gorelikov, E. U., Suslov, D. A. and Shtork, S. I.
2020. March. Analysis of the Swirl Number in a Radial
Swirler. AIP Conference Proceedings. AlIP Publishing LLC..
2211(1): 040005.

Abdulsada, M., Syred, N., Bowen, P., O'Doherty, T.,
Griffiths, A., Marsh, R., and Crayford, A. 2012. Effect of
Exhaust Confinement and Fuel Type upon the Blowoff
Limits and Fuel Switching Ability of Swirl Combustors.
Applied Thermal Engineering. 48: 426-435.

Liu, C., Huang, L., Deng, T., Zhovu, S., Liu, X., Deng, J., and
Luo, Z. 2020. On the Influence of Nozzle Geometry on Jet
Diffusion Flames under Cross-wind. Fuel. 263: 116549.
Al-Fahham, M., Hatem, F. A., Alsaegh, A. S., Valera
Medina, A., Bigot, S., and Marsh, R. 2017. Experimental
Study to Enhance Resistance for Boundary Layer
Flashback in Swirl Burners using Microsurfaces. Turbo Expo:
Power for Land, Sea, and Air. 50848: V04AT04A030,
American Society of Mechanical Engineers.

Al-Naffakh, J., Al-fahham, M., and Abed, Q. A. 2019. The
Blowoff Limits and Flashback Limits for Different Diameter
to Length Ratio Burner. Multi-Knowledge Electron Compr J
Educ Sci Publ. 9(24): 1-11.

Ebi, D., and Clemens, N. T. 2016. Experimental
Investigation of Upstream Flame Propagation during
Boundary Layer Flashback of Swirl Flames. Combustion
and Flame. 168: 39-52.

Yan, Y., He, Z., Xu, Q., Zhang, L., Li, L., Yang, Z. and Ran, J.,
2019. Numerical Study on Premixed Hydrogen/air
Combustion Characteristics in Micro-combustor with Slits
on Both Sides of the BIuff Body. International Journal of
Hydrogen Energy. 44(3): 1998-2012.

Abdel-Rehim, A. A., EI-Nagar, K. H., and ElSemary, I. M.
2013. Effect of Bluff Body Geometry on Flame Stabilization
with the Assist of Langmuir Probe. Cairo: Benha University.

[88]

(891

[90]

[91]

[92]

[93]

[94]

(93]

[96]

[971]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Tong, Y., Li, M., Thern, M., Klingmann, J., Weng, W., Chen,
S..and Li, Z. 2017. Experimental Investigation on Effects of
Central Air Jet on the Bluff-body Stabilized Premixed
Methane-air Flame. Energy Procedia. 107: 23-32.
Luckachan, K. G., Raja Sekar, K., Srikrishnan, A. R. and
Kannan, R. 2022. Transient Vortex Shedding Behaviour of
Non-reacting Flow Over V-gutter Bluff Bodies with a
Central Slit. International Journal of Ambient Energy. 43(1):
8686-8696.

Vance, F. H., Shoshin, Y., de Goey, L. P. H. and van Oijen,
J. A. 2021. Flame Stabilization Regimes for Premixed
Flames Anchored behind Cylindrical Flame Holders.
Proceedings of the Combustion Institute. 38(2): 1983-1992.
Zhang, Y., Lu, Q., Fan, B., Long, L., Quaye, E.K. and Pan, J.
2023. Effect of Multiple Bluff Bodies on Hydrogen/air
Combustion Characteristics and Thermal Properties in
Micro Combustor. International Journal of Hydrogen
Energy. 48(10): 4064-4072.

Boopathi, S., Maran, P. and Arumugam, K. 2019, October.
Experimental Investigation of Flame Stabilization using
Conical Bluff Body for Thrust Augmenters. AIP Conference
Proceedings. AIP Publishing LLC. 2161(1): 020035.

Lieuwen, T. C. 2021. Unsteady Combustor Physics.
Cambridge University Press.

Amiri, M., Mazaheri, K., Behjati, R. E. and Nahvi, M. 2022.
Experimental Study of the Effect of Bluff-body Geometry
on Temperature Distribution and Lean Premixed Flame
Dimensions in a High Swirl Burner. Ninth Fuel and
Combustion Conference of Iran, Feb. 8 - 10, 2022, Shiraz
University, Shiraz, Iran.

El-Mahallawy, F., and Habik, S. D. 2002. Fundamentals and
Technology of Combustion. Elsevier.

Roquemore, W. M., Tankin, R. S., Chiu, H. H., and Lottes, S.
A. 1986. A Study of a Bluff-body Combustor using Laser
Sheet Lighting. Experiments in Fluids. 4(4): 205-213.

Tang, H., Yang, D., Zhang, T. and Zhu, M. 2013.
Characteristics of Flame Modes for a Conical Bluff Body
Burner with a Central Fuel Jet. Journal of Engineering for
Gas Turbines and Power. 135(9).

Tong, Y., Liu, X., Wang, Z., Richter, M., and Klingmann, J.
2018. Experimental and Numerical Study on Bluff-body
and Swirl Stabilized Diffusion Flames. Fuel. 217: 352-364.
Yang, J. T., Chang, C. C., and Pan, K. L. 2002. Flow
Structures and Mixing Mechanisms behind a Disc Stabilizer
with a Cenfral Fuel Jet. Combustion Science and
Technology. 174(3): 93-124.

Schefer, R. W., Namazian, M., and Kelly, J. 1994. Velocity
Measurements in Turbulent Bluff-body Stabilized Flows.
AIAA Journal. 32(9): 1844-1851.

Li, K., and Tankin, R. S. 1987. A Study of Cold and
Combusting  Flow around Bluff-body Combustors.
Combustion Science and Technology. 52(4-6): 173-206.
Plee, S. L., and Mellor, A. M. 1979. Characteristic Time
Correlation for Lean Blowoff of Bluff-body-stabilized
Flames. Combustion and Flame. 35: 61-80.

Ata, A. and Ozdemir, I. B. 2020. Effects of the Cone Angle
on the Stability of Turbulent Non Premixed Flames
Downstream of A Conical Bluff Body. Heat and Mass
Transfer. 56(5): 1627-1639.

San, K. C., Huang, Y. Z., and Yen, S. C. 2013. Flame
Patterns and Combustion Intensity behind Rifled Bluff-
body Frustums. Journal of Engineering for Gas Turbines
and Power. 135(12).

Kwong, W. Y., and Steinberg, A. M. 2019. Blowoff and
Reattachment Dynamics of a Linear Multinozzle
Combustor. Journal of Engineering for Gas Turbines and
Power. 141(1):011015.

Guo, S., Wang, J., Zhang, W., Lin, B., Wu, Y., Yu, S., ... and
Huang, Z. 2019. Investigation on Bluff-body and Swirl
Stabilized Flames Near Lean Blowoff with PIV/PLIF
Measurements and LES Modeling. Applied Thermal
Engineering. 160: 114021.

Vance, F. H., Shoshin, Y., de Goey, L. P. H., and van Oijen,
J. A. 2022. Quantifying the Impact of Heat Loss, Stretch



15

[108]

[109]

[110]

0]

[112]

[113]

[114]

[115]

Abdulrahman Shakir Mahmood & Fouad Alwan Saleh / Jurnal Teknologi (Sciences & Engineering) 85:6 (2023) 1-15

and Preferential Diffusion Effects to the Anchoring of Bluff
Body Stabilized Premixed Flames. Combustion and Flame.
237:111729.

Chen, Y., Fan, Y., Han, Q., Shan, X., Bi, Y., and Deng, Y.
2022. The Influence of Cooling Air Jets on the Premixed
Flame Structure and Stability of Air-cooled Bluff-body
Flameholder. Fuel. 310: 122239.

Tong, Y., Liu, X., Chen, S., Li, Z., and Klingmann, J. 2018.
Effects of the Position of a Bluff-body on the Diffusion
Flames: A Combined Experimental and Numerical Study.
Applied Thermal Engineering. 131: 507-521.

Bagheri, G., Hosseini, S. E., and Wahid, M. A. 2014. Effects
of Bluff Body Shape on the Flame Stability in Premixed
Micro-combustion of Hydrogen-air Mixture. Applied
Thermal Engineering. 67(1-2): 266-272.

Wang, X., Chen, J., Zhou, B., Li, Y. and Xiang, Q. 2021.
Experimental Investigation of Flow Past a Confined Bluff
Body: Effects of Body Shape, Blockage Ratio and
Reynolds Number. Ocean Engineering. 220: 108412.

Wu, B., Zhao, X., Xu, C. and Lu, T., 2019. Analysis of the
Chemical States of a Bluff-body Stabilized Premixed
Flame Near Blowoff. AIAA Scitech 2019 Forum. 0185.
Michaels, D., and Ghoniem, A. F. 2016. Impact of the Bluff-
body Material on the Flame Leading Edge Structure and
Flame-flow Interaction of Premixed CHas/air Flames.
Combustion and Flame. 172: 62-78.

Chen, Z., Shen, L., and Wen, C. Y. 2019. Flow Control on a
Bluff Body using Dielectric Barrier Discharge Plasma
Actuators. AIAA Journal. 57(7): 2670-2674.

Fugger, C. A., and Caswell, A. W. 2021. The Influence of
Spanwise Nonuniformity on Lean Blowoff in Bluff Body
Stabilized Turbulent Premixed Flames. Proceedings of the
Combustion Institute. 38(4): 6327-6335.

[116]

[117]

[118]

[119]

[120]

[121]

[122]

Pathania, R. S., Skiba, A. W., Ciardiello, R., and
Mastorakos, E. 2021. Blow-off Mechanisms of Turbulent
Premixed Bluff-body Stabilised Flames Operated with
Vapourised Kerosene Fuels. Proceedings of the
Combustion Institute. 38(2): 2957-2965.

Wan, J. and Zhao, H. 2020. Blowout Limit of Premixed
Flame in a Micro Preheated Combustor with a Flame
Holder at Different Blockage Ratios. International Journal
of Hydrogen Energyx. 45(46): 25468-25478.

Rowhani, A., Sun. Zhiwei, Chinnici, A., Medwell, P. R.,
Nathan, G. J. and Dally, B. B. 2019. Effect of Bluff-body
Diameter on the Flow Field and Residence Time of
Turbulent Bluffoody Ethylene/Nitrogen Flames. 12th Asia-
Pacific Conference on Combustion. Fukuoka, Japan.

Roy, R., and Cetfegen, B. M. 2021. Dynamics of 2D, V-
shaped Bluff-body Stabilized Turbulent Premixed Flames
near and Away from Blowoff with Different Gaseous Fuels.
Combustion Science and Technology. 193(12): 2023-2044.
Rowhani, A., Sun, Z. W., Medwell, P. R., Alwahabi, Z. T.,
Nathan, G. J., and Dally, B. B. 2022. Effects of the Bluff-
body Diameter on the Flow-field Characteristics of Non-
premixed Turbulent Highly-Sooting Flames. Combustion
Science and Technology. 194(2): 378-396.

Ibrahim, I. A., Shokry, A. H., Shabaan, M. M., and Gad, H.
M. 2022. A Comparative Study of Gaseous Fuel Flame
Characteristics for Different Bluff Body Geometries. Case
Studies in Thermal Engineering. 34: 101951.

Hatem, F., Al-Fahham, M., Alsaegh, A. S., Al-dulaimi, Z. M.,
and Valera Medina, A. 2021. Experimental Investigation
on Effects of Bluff-body Size and Axial Air Injection on
Blowoff Limits in Swirl Burners. Journal of Engineering
Science and Technology. 16(3): 2202-2214.



