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Abstract
This article presents an experimental study for flame stabilization 
of free jet turbulent diffusion flame by bluff body in square duct. 
The test rig consists mainly of a square air duct, fuel supply 
system, and air supply system. Rectangular duct with cross 
section (210×310mm2), and length 870 mm and ended with square 
(200×200mm2) duct. Air guides of air with different angles (0, 15, 
30, and 45 degree) locate the end of rectangular duct. Bluff- bodies 
with square cross section have different dimensions of steel with 
thickness 3mm were used for stabilization of flame, the gaseous 
fuel used is commercial bottled gas LPG (52% C4H10 and 48% 
C3H8). The experiments were conducted with four different fuel 
jet diameters (2, 3, 4 and 5mm) and different angles (0, 15, 30, 
and 45 degree). It is observed that angle of air guide, and fuel 
nozzle diameters have great effect on flame stability as the angle 
of air guide, and fuel nozzle diameters increase the flammability 
limit and blow off equivalences ratio increase. It was concluded 
that Increasing the degree of air guide (zero – 45) improves the 
mixing between the air and fuel .The lift off height decrease as 
decreasing in blockage ratios and angle of air guide, and not much 
affected by diameter of fuel nozzle
Nomenclature
Cd Discharge Coefficient
DJ Diameter of fuel nozzle (m)
Qa Air Flow rate (m³/s)
Qf Fuel flow rate (m3/s)
Vf Fuel velocity (m/s)
AP Area of fuel pipe (m²)
h Lift off height ( cm)
LPG Liquefied petroleum gas 
Greek Symbols
Ф Equivalence ratio 
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I. Introduction
Non premixed flames are more safety and are largely used in many 
practical combustion devices to convert chemical energy into 
work such as furnaces, diesel engines, and gas turbines, because 
of their high efficiency; large heat releases [1].Stabilization of 
non-premixed flame attracts more researches. Bluff bodies are a 
class of aerodynamic bodies that intentionally induce separation 
of the flow on the lee ward side of the body. These objects are 
used for flame stabilization [2].The bluff body is placed at or 
near the core of the duct where it produces a recirculation wake 
structure that transports hot products upstream where they can 
ignite fresh reactants as they mix in the wake shear layer [3]. Yung-
Cheng [4] has studied the stabilization of non premixed flames 
and lifted off flame and it was found that a burning recirculation 
bubble improves the stability of bluff body flames. This can be 
achieved by increasing the annulus blockage ratio. Santos and 
Costa [5] have investigated experimentally the jet diffusion 
flames for three fuels such as propane, methane and ethylene 

gases in term of lift off high, flame length and NOx emission and 
they found the flame volume controlled the parameter for NOx 
scaling .Kiran and Mishra [6] have measured the lift off height 
flame length and blow off velocity for a simple LPG jet diffusion 
flames. It was observed that lift off height varies linearly with 
jet exit velocity. Esquiva et al [7] have analysed experimentally 
of non premixed flames stabilization process by focusing on the 
geometry of the flame holder. They were used two bluff bodies 
whose geometry and aerodynamic characteristics are different: a 
disk shape, inducing a divergent flow and a tulip shape, allowing 
boundary layers development, and they found that the existence 
of various types of flames, according to the classical gas jet to 
annular air flow velocity ratio, but the influence of the bluff-body 
shape on these stabilization regimes is also demonstrated. The 
tulip case promotes an enlargement of the stabilization domain 
and emphasizes a specific region “the laminar ring flame.” On the 
contrary, due to strong reverse velocities, the stabilization process 
is modified in the wake of the disk. Mishra and Kumar [8] have 
studied the effect of hydrogen addition and preheated reactants on 
bluff body stabilized LPG-H2 diffusion flame, the Nox emission 
level is found to be decreased in coaxial burner with hydrogen 
addition. El-Mahlawy, et al [9] have studied the flame stability 
and mean structure of partially premixed flames under the effect 
of the level of partial premixing and nozzle cone angle in partially 
premixed flames a stabilization core has been observed close to 
the conical nozzle that provides more heat source at the nozzle 
exit, the cone angle has great influence on the flame stability 
.Increasing the cone angle leads to more air entrainment ,breaking 
the stabilization core and hence reduces the flame stability .The 
cone in all cases ,provides protected environment at the early 
stage of reaction near the nozzle exit where intense turbulence 
is expected .This leads to highly stable flames as compared to 
similar burner without cone . Segolene et al [10] have determined 
experimentally and computationally the effect of the natural gas 
to H2 ratio on the flame structure and NOx formation in lean 
premixed porous combustion. Experiment results confirm that 
porous combustion can generate much less NOx emissions than 
purely gaseous combustion, especially close to stoichiometric. 
Franck and Dimitrios [11] have investigated Flame stabilization 
during non-premixed combustion in curved ducts with a diameter 
of the order of magnitude of the premixed flame thickness of the 
reactants, they found that Flame stabilization in curved, tubular 
combustors which will constitute the ‘‘building blocks’’ of 
devices that will provide portable, autonomous power generation 
can differ substantially from stabilization in large-scale tubes. 
The deference relates both to the peculiarities of the mesoscale 
regime and the effect of tube curvature induced secondary flows 
on flame stabilization. Daniel and James [12] have measured the 
heat release profiles, the flame lengths, flame structure and other 
properties of a reacting jet-in-cross-flow (JICF) for two fuels. 
The air was heated to a static temperature of 1390 K, which is 
above the auto ignition temperature. Flame lengths were found to 
increase linearly with fuel mass flow rate, indicating that mixing 
is controlled by the air velocity rather than the fuel velocity. This 
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corresponds to a ‘‘wake-like’’ mixing process, rather than a ‘‘jet-
like’’ mixing, both of which have been identified in non-reacting 
JICF studies. Katta et al [13] have designed centre body burner 
for understanding the coupled processes of formation, growth, and 
burn-off of soot through decoupling them using recirculation zones 
(RZs). Experimentally it was found that the sooting characteristics 
of the centre body burner could be altered dramatically via simple 
changes in the operating conditions it was found experimentally 
that the flame lifts off and forms a column of soot when oxygen 
in the co-annular air is reduced sufficiently. Wei-Dong Hsieh, Ta-
Hui Lin [14] have analysed Flame stability of a methane flame in 
a jet impinging onto a wall, they have considered wide range of 
equivalence ratio considered and they have emphasized lean burn 
stability emphasized. Within a certain range of equivalence ratio, 
the flame may exhibit two deferent kinds of appearance, namely 
flat flame or conical flame, at the same flow condition. The flame 
is unstable in this double solution region, and its appearance may 
be transformed back and forth with an external disturbance.

II. Experimental Apparatus
The test rig was constructed for studying the combustion behind 
bluff bodies. A schematic diagram of the principle features of the 
flow system, used in the test– rig is illustrated in Fig. (1), this test-
rig consists of mainly of the air supply system. All these systems 
are equipped with the necessary measuring and controlling device. 
In the following parts description of the test-rig and different 
bluff-bodies used.

1. Air Supply System for a Rectangular Duct
The air, required for combustion, is forced through a rectangular 
duct ended with square (200 ×200 mm2) duct. It is stacked by 
means of a centrifugal air blower driven by an electric motor of 
2915 rpm & 7.5 hp

2. Fuel Supply System
The fuel is supplied from commercial (L.P.G) bottled gas fuel. 
The fuel is mixture of volumetric percentage of about (52%, 48%) 
of butane (C4H10) and propane (C3H8) respectively, the bottled 
gas fuel is connected to a pipe of (1/2) inch diameter by mean of 
rubber hose of 8mm inner diameter .The fuel is controlled by ball 
valve, while the flow rate is measured by an orifice meter which is 
connected to water manometer. These tubes enter the air duct and 
fixed at the centre of it. The fuel nozzle and bluff body stabilizer 

are fixed coaxially to the end of gas tube. The pressure of bottle 
of gas is nearly 5 bars. From gate valve it can be controlled of 
the discharge of fuel. Orifice plate is fitted between flanges on 
the pipe 1.25 cm diameter to measure flow rate of fuel which is 
a function of the difference of head and inner diameter of orifice 
and kind of fluid used in manometer.

3. Bluff Body (Stabilizer)
Five stabilizers (Bluff-bodies) of different dimensions of steel the 
existence of bluff body makes certain blockage ratio in the air 
out let. The dimension of stabilizer 1 :( 7.6×7.6mm2), stabilizer 2: 
(86×86mm2), stabilizer 3 (9.7×9.7mm2), stabilizer 4: (107.5×107.5 
mm2), and stabilizer 5 :( 122 ×122 mm2).

4. Air Guides
Four air guides with different angles (0, 15, 30, and 45) were 
used to change air direction and study the effect of this change, 
The dimension of air guide with zero angles at the exit of duct is 
200×200 mm2, with 15 degree is 190×190 mm2, with 30 degree 
is 180×180 mm2, and with 45 degree is 160×160 mm2.

B. Instrumentation and Measuring Techniques

1. Measurement of Air Flow Rate 
The airflow rate is measured using the anemometer as it measures 
the speed and temperature of air. Wind speed (0.2 to 30 m/s), 
temperature (-30 to +60 ºC)
Air flow rate (Qa) = Average wind speed (Va) × (area of duct (Ad) 
-area of stabilizer (As))

2. Measurement of Fuel Flow Rate
The fuel flow rate is measured using the U-tube manometer which 
measure pressure difference which lead to measure velocity of 
fuel Vf =Cd √(2gh) Fuel flow rate (Qf) =Velocity of fuel (Vf)* 
Area of fuel pipe (AP).

3. Measurement of Flame Length
The flame length can be measured by scale board; the board has a 
length of 140 cm and a width of 50 cm. A digital camera records 
direct visualizations of the flame length, by taking a video capture 
of the flame (20 sec.), and determining the flame length using the 
scaled board, as shown in fig. 2.

Fig. 1: Schematic Layout of Air Duct Test Rig
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Fig. 2: The Scale Boarded

III. Results and Discussion

A. Blow off

1. Effect of Fuel Nozzle Diameter on Blow Off Equivalence 
Ratio
Blow off one of the important factor in flame stabilization, blow 
off occurs when flow velocity exceed the burning velocity. Figure 
(3) show the relation between blow off equivalences ratio and 
fuel nozzle diameters at different Stabilizers (blockage ratios) are 
stabilizers (1, 2, 3, 4, and 5). Angles of air guides are 0, 15, 30, and 
45.The obtained results as shown in fig. 3 revealed that the blow 
off equivalence ratio increase as fuel nozzle diameters increase, 
this can be referred to as the fuel nozzle diameters increase this 
increase the fuel flow rate which increase the equivalences ratio. 
The findings in fig. 3 indicated that as the increase in the blockage 
ratios (stabilizers) and angles of air guide lead to increase in blow 
off equivalences ratio this may because of decreasing in the air flow 
rate. It is worth mentioning that the air guide angle 45 degree has 
higher flammability limit as balanced between burning velocity 
and flow velocity.
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Fig. 3: Effect of Fuel Nozzle Diameters on Blow off Equivalence 
Ratio at Different Blockage Ratios and Angles of Air Guide (0-45 
Degree)

B. Lift off Height

1. Effect of Blow off Equivalence Ratio on Lift off 
Height
As the velocity of fuel in a non-premixed flame is increased, and 
thus the Reynolds number increases, the flame becomes turbulent. 
If the jet velocity is increased even more, the flame eventually 
detaches from the pipe and stabilizes a number of pipe diameters 
downstream. Flames at this state are called lifted diffusion flames, 
the distance between the duct and the flame base is called lift-off 
height, and the velocity at which the detachment occurs is called 
the lift-off velocity. If the velocity is increased furthermore it will 
result in flame blowout. The blow off equivalence ratio versus 
lift off flame height is shown in fig. 4 angle of air guides (zero, 
15, 30, and 45 degree), at fuel nozzle diameters are (2mm, 3mm, 
4mm, and 5mm), and at stabilizers are (stablizer1, 2, 3, 4, and 5). 
From this figure, it can be noticed that lift off height decrease as 
blockage ratios (stabilizers) increase this may because of blockage 
ratio increase this decrease the area of air duct and so increase the 
air velocity which decrease the flame lift off height as mentioned 
by [15] It is observed that the angle of air guide have great effect 
on lift off flame height as the angles of air guide increase this 
decrease the lift off flame height. This can be referred to the 
concentration of air-by-air guide that the mixedness of air and 
fuel became better and that the local reaction rate increased. If 
the local reaction rate increased due to better mixing, the flame 
propagation velocity at the flame base increased, the flame base 
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moved upstream, and the liftoff height decreased. These findings 
are in a close agreement with that presented by [16]

zero degree of air guide angle
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Fig. 4: Effect of Blow off Equivalence Ratio on Lift off Height 
at Different Blockage Ratios and Angles of Air Guides (0-45 
Degree)

2. Effect of Fuel Nozzle Diameters in Lift off Height
The effect of fuel nozzle diameters on lift off height is shown in 
figs. (5, 6) at different blockage ratios. It is found that the liftoff 
height is linearly proportional to the nozzle diameter. Fuel nozzle 
diameters have slightly effect on the lift off height; these findings 
are more similar to that detected by Chage [4] who reported that 
in free jet diffusion flame, the fuel nozzle diameters have no effect 
on lift off height.

zero degree of air guide angle
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Fig. 5: Effect of Fuel Nozzle Diameter on Lift off Height at Different 
Blockage Ratios and Angles of Air Guides (0- 15 degree)
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IV. Conclusion
An experimental study has been performed to investigate the 
effects of blockage ratio, fuel nozzle diameters and angles of air 
guide on the flame stabilization, flame lift off height, and blow 
off. The lift off height decrease as decreasing in blockage ratios 
and angle of air guide, and not much affected by diameter of fuel 
nozzle. 

30  degree of air guide angle
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45  degree of air guide angle
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Fig. 6 Effect of fuel nozzle diameter on lift off height at different 
blockage ratios and angles of air guides (30- 45degree)

As the fuel nozzle diameters, blockage ratios, and angle of air 
guide increase this increase the blow off equivalence ratios and 
flammability limit. higher stability of flame at 45 degree of air 
guide angle, 5 mm fuel nozzle diameter, and stabilizer 5.
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