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Abstract: An experimental investigation of the structure of a kerosene-based Jet Al unconfined
flame is conducted for different fuel flow rates and momentum flux ratios (MFRs). A pressure swirl
atomizer is used to atomize the fuel jet. It is found that the flame height increases with increasing
MFR for a fixed fuel flow rate. However, the flame height first decreased and then increased with
increasing fuel flow rate for a fixed MFR. A correlation of the flame height with the power level and
MFR is developed in a dimensionless form by using the response surface optimal design method.
Variations in the lean blowout limit with the fuel flow rate are also studied. The lean blowout limit
first increases to a peak value and then subsequently decreases, in agreement with the behavior of
the flame height at the lean blowout limit. A blue region at the top of the flame is observed for
high fuel flow rates. The flame characteristics obtained in the study are explained with the help
of the spray characteristics of the kerosene fuel.
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INTRODUCTION

Liquid fuel combustors in jet—diesel-oil engines use
spray combustion as these liquid fuels have high en-
ergy density and are easily transportable. In all such
devices, a high-pressure fuel is injected through an at-
omizer into the combustion chamber. This results in
the formation of a spray that helps in faster evapora-
tion leading to better combustion of the fuel. Of all such
fuels, the aviation turbine fuel (ATF) is used profusely
in aerospace industries due to its higher energy density
and customized properties for aircraft engines. Thus, it
becomes necessary to determine the flame characteris-
tics of kerosene. The study of the flame height helps in
determining the extent of combustion and assessing the
heat losses, extent of burning of fuel, emission level, etc.
In addition, the combustor length would be dictated by
the shape and size of the flame. Hence, experiments
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were conducted [1-7] to understand the nature of the
spray flame. Chigier et al. [1] were among the first re-
searchers who conducted spray flame experiments with
a twin fluid atomizer. They performed experiments on
an unconfined kerosene spray flame and concluded that
spray flames are similar to gaseous jet diffusion flames.
Onuma and Ogasawara [2] and Mellor [3] tried to val-
idate this hypothesis. Bracco [8] used the results ob-
tained from single droplet burning tests to predict the
spray flame. Assumptions were made that heat is trans-
ferred by conduction from the flame to the drop surface
and vapor diffuses by molecular diffusion from the drop
surface to the flame front [9]. Mellor [10] conducted a se-
ries of experiments in a gas turbine test combustor and
concluded that a transition from droplet diffusion flames
to pure evaporation flames takes place at Ap = 15 atm.
One of the first numerical spray ignition investigations
based on a two-phase transient analysis was conducted
by Aggarwal and Sirignano [11]. An important aspect
revealed from that study was that the spray ignition
process is stochastic in nature.
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The airflow pattern in the primary flame zone is
an important factor in flame stability. A common ap-
proach is to impart the swirl to the inlet air flow for
this purpose. In a swirl-stabilized flame, the fuel jet
passes through a strong toroidal vortex [12, 13], which
is termed as a recirculation zone. Hence, similar to a
bluff body, the swirl creates stagnation points that act
as flame holders [14]. This increases the residence time
during which the fuel, air, and hot products can co-
exist [15]. This enhances evaporation of fuel droplets
and enables better mixing of the fuel and air. For char-
acterizing the amount of rotation imparted to the ax-
ial flow, Beer and Chigier [16] proposed the usage of a
dimensionless parameter called the swirl number (SN)
[17]:

2Gpm,
SN GrDuy’ (1)
Here G,, is the axial flux of the tangential momentum,
G is the axial thrust, and Dy, is the outer diameter
of the swirler.

Although the flame height is used to characterize
the diffusion flames in the literature, it cannot be con-
sidered as an analogous parameter for the flame speed
in premixed cases. Gas diffusion flames were character-
ized earlier in terms of the flame height in several works
[4, 18]; also, a few correlations were provided in this
respect [5-7, 19]. Shuen [20] tried to explain the effects
of the inlet swirl strength and droplet size on the spray
flame structure. A strong swirl was found to reduce the
flame height owing to improved mixing. Morcos and
Abdel-Rahim [21] conducted an extensive study on the
effects of the burner geometry and other parameters on
the height of confined low-pressure flames of light fuel
oil. Nakamura et al. [22] studied the characteristics of
kerosene-oxygen spray flames at different pressures and
found that the flame height decreases with an increase
in the ambient pressure.

The study of the blowout limit is also of great im-
portance because it helps in choosing an optimum lean
mixture, reducing hazardous emissions, and producing
a desired amount of heat or power. A proper estimate
of flame stability can also be obtained. A thorough
study on the variation of the flame height and blowout
limit of an unconfined Jet Al flame still remains un-
touched. The present study explores variations of the
flame height with the fuel flow rate and momentum flux
ratio. A correlation is proposed for the flame height ra-
tio with the power ratio and momentum flux ratio. In
addition, the change in the blowout limit with respect
to the fuel flow rate is also studied. In order to accom-
plish this, an attempt is made to study the flame height
just below the threshold blowout limit.
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Fig. 1. Experimental setup: (1) air from the com-
pressor; (2) filter; (3) Venturi meter; (4) atomizer;
(5) swirler; (6) solenoid valve; (7) volume flow meter;
(8) secondary filter; (9) primary filter; (10) pressur-
ized fuel tank; (11) camera.

1. EXPERIMENTAL DETAILS

Figure 1 shows the experimental setup used for the
present combustion study. A pressure swirl atomizer
was used for the fuel, and air was passed through a
swirler (see Fig. 2). The flame shapes and structures
were observed by using a CASIO EXILIM EX-F1 cam-
era.

The fuel used for this study was the Jet Al
(kerosene) fuel obtained from Indian Oil. The 6-liter
fuel tank capacity was pressurized with compressed air
for supplying the liquid fuel to the atomizer. Two-way
filtration was carried out to remove different-sized im-
purities from the fuel and prevent atomizer blockage.
First, the fuel was passed through a combination of
fine nets to remove bigger impurities, after which it
went through a 15-um filter for final filtration. The
fuel flow rate was measured with a digital flow meter
(114 FLO-METER, Range 5H, McMillan Company).
Its allowable working range is 50-500 ml/min. The fuel
was then passed through a solenoid pump, which en-
abled us to turn fuel supply on and off according to the
requirement.

In order to eliminate any fluctuations in the air
flow, a settling chamber upstream of the air supply line
was used. The mass flow rate of air was metered with
the help of a Venturi meter, which was connected to a
U-type differential manometer filled with distilled wa-
ter. The Venturi meter was calibrated to an average
error of 2% at a 95% confidence level in the mass flow
rate range from 5.3 to 22.5 g/s.

The pressure swirl atomizer used in this study had
a discharge orifice diameter dy = 0.3 mm (Fig. 2).
The diameter was chosen to ensure better atomiza-
tion. Other parameters were same as in the previ-
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Fig. 2. Pressure swirl atomizer (a and b); swirler
with two inlet ports (c); air swirler (d); Sn,. = 0.67.

ous study [23]. The length to diameter ratio (Lg/dp)
was 1.25. A helical insert was used to impart the swirl
motion to the fuel flow [23]. Both the swirler diameter
D, and length L, were 5 mm. The insert had two ports
(n = 2) with a cross-sectional area w x [ = 0.65 mm?
and a turn angle ¢ = 23°. The swirl imparted to the
fuel flow depends on the size of this helical insert. The
swirl number Sy 5 [24] was defined as
wdyDs cos
SN.f = dnwl )
(its approximately value was 0.8). The air swirler shown
in Fig. 2 was used to impart the swirl motion to the air
flow. The approximate theoretical swirl number of this
air swirler was calculated by the formula [17]

SN = ;tanG, (3)

where 6 is the angle of the vanes with respect to the
horizontal line (when the swirler is kept horizontally).
This angle is also called the swirl angle. It was kept as
45° to obtain the swirl number Sy, ~ 0.67 (approxi-
mately). Eight vanes 1.2 mm thick and 7.5 mm long
were used to impart the swirl. The atomizer was placed
at the center of this swirler with its outer diameter of
30 mm. The fuel tank was pressurized to 9 atm by us-
ing compressed air. The flow rate of the fuel was in the
range of 56-107 ml/min. The range of the momentum
flux ratios obtained by varying the amount of air was
353-966.

2. DIMENSIONLESS PARAMETERS

The following dimensionless parameters were used
to obtain correlations among the flame height, fuel flow
rate, and momentum flux ratio.
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The power level ratio (P, ) of the fuel was defined as
the ratio of the power level of the fuel at any particular
flow rate to the power level of the fuel at the maximum
flow rate used in the study:

p = GiiQ ()
Gmaxpr

where G is any particular flow rate of the fuel, Gyax is
the maximum flow rate of the fuel (in this study,
107 ml/min), py is the density of Jet Al kerosene
(807.5 kg/m?), and Q is the calorific value of Jet Al

kerosene (43.1 MJ/kg).
The flame height ratio (H,) was defined as the ratio
of the flame height (H) to the exit orifice diameter of
the pressure swirl atomizer used in the current study

(do):
H, = H/dy. (5)

In this work, the exit orifice diameter is dy = 0.3 mm.
From here on, the “flame height” is understood as the
flame height ratio.

The momentum flux ratio (MFR) is the ratio of the
momentum flux of the fuel jet to the momentum flux of
air discharged from the swirler normal to it:

: 2
vy sin
MER = P/ (s sine)” (©)
pa(vg sin 0)?
where vy and v, are the average fuel and air velocities
at the exit from the atomizer orifice and air swirler,
respectively.

3. DESIGN OF EXPERIMENTS

In this study, we used the response surface method-
ology (RSM) [25, 26], which is an empirical statistical
technique that uses the data obtained from a sequence
of designed experiments for the regression analysis [27].
The RSM gives us the relationship between several in-
dependent variables (factors) and one or more depen-
dent variables (response variables). The RSM was ap-
plied here with two design factors: the power level ra-
tio and the momentum flux ratio. The flame height
ratio was considered as a response variable. The de-
sign of experiment (DOE) technique used in this work
is the D-optimal design. We chose this instead of cen-
tral composite design (CCD), which is more often used,
as we did not want to conduct experiments outside of
the design space. To be robust, the CCD requires a few
experiments outside the design space. DOE techniques
are employed before, during, and after the regression
analysis to evaluate the accuracy of the model.

The images of the flame height were obtained from
a digital camera Casio Exilim EX-F1. By using this
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Fig. 3. Flame height ratio versus the momentum
flux ratio for different fuel flow rates.

camera, videos of visible flames were obtained at 30 fps
for different runs, which were converted into separate
frames (images). The experiments were conducted in
a completely dark room. The images were first con-
verted into a binary form. Anything above 80 pixels
of red, green, or blue was considered as a flame. The
flame height measurements in pixels were carried out
by using image processing techniques, such as smooth-
ing, sharpening, and edge detection for exact identifi-
cation of the flame tip with a MatLab code. The flame
height in pixels was multiplied by a certain factor to ob-
tain the actual flame height in a particular frame. The
flame height data for each run were then averaged and
the standard deviations were obtained to determine the
associated random errors. The mean error associated
with the flame heights was around 16% for the correla-
tion purpose and around 10% for the blowout purpose.

4. RESULTS AND DISCUSSION

4.1. Variation of the Flame Height with the MFR

The flame height is one of the important parame-
ters used for characterizing the diffusion flame. Figure 3
shows the flame height ratio as a function of the momen-
tum flux ratio for different fuel flow rates. The flame
height was found to increase with increasing MFR for
all fuel flow rates. Note that the MFR was increased by
keeping the fuel flow rate constant and decreasing the
air flow rate. The decrease in the air flow rate starts
shifting the flame toward the buoyancy-controlled do-

main. This was inferred on the basis of changes in the
flame structure and an increase in the flame height. As
the amount of air decreases, the fuel droplets are un-
able to find enough air for complete combustion at lower
heights, and the fuel-rich condition prevails. In this fuel-
rich condition, combustion depends on entrainment of
atmospheric air to a large extent. As a result, the fuel
droplets start escaping to greater heights, mix with air,
and burn to form the flame. Thus, the visible flame
height starts increasing with a decrease in the air flow
rate, which is attributed to inadequate entrainment of
air and mixing between the fuel and air.

4.2. Variation of the Flame Height
with the Fuel Flow Rate

As is seen from Fig. 3, the flame height increases
with increasing MFR for a particular power level ra-
tio P,. For a fixed MFR, variation of P, helps in under-
standing the effect of the spray behavior on the flame.
In this case, the overall equivalence ratio at the inlet
can be considered as constant. Therefore, an increase
in the power level ratio in this case simply means that
there will be an increase in the fuel flow rate with an
unchanged overall equivalence ratio. This variation in
the fuel flow rate results in fine spray formation due to
a higher momentum force and enhanced mixing with
ambient air. The reason why the curve for P, = 0.76
is below the curves for P, = 1.0 and 0.52 in Fig. 3
can be explained with the help of the data presented
in Fig. 4. It can be observed that the flame height
ratio decreases to a minimum value and subsequently
increases with an increase in the power level ratio for a
fixed MFR value. This parabolic nature suggests that
the flame heights for P. 1.0 and 0.52 will be above the
flame height for P, = 0.76. Constant-MFR curves are
found to be parabolic, i.e., the flame height first de-
creases for lower values of the power level ratio and then
increases for higher values of P.. This variation can be
explained with the help of the experiments conducted
by Reddy and Mishra [23] to determine the spray char-
acteristics of the pressure swirl atomizer. Note that the
experiments were conducted with water as a test fluid.
However, as both water and kerosene are low-viscosity
fluids, kerosene is expected to show almost similar spray
characteristics.

As the fuel flow rate is initially increased, the
Sauter mean diameter (SMD) of the fuel droplets starts
decreasing and the cone angle of the spray starts in-
creasing. This leads to better atomization and mixing
at lower heights. As a result, the flame height decreases.
As the fuel flow rate is further increased above a certain
value, the SMD and the spray cone angle both start
showing negligible changes [23, 24]. This increase in
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Fig. 4. Flame height ratio versus the power level
ratio for different fixed momentum flux ratios: the
points and curves show the experimental and numer-
ical data, respectively.

Fig. 5. Flame photographs for MFR = 352.55 and
P. = 0.52 (a), 0.68 (b), and 1 (c¢): (1) primary diffu-
sion flame; (2) secondary premixed flame; the scale
is ~14.7 : 1.

the fuel flow rate starts increasing the momentum of
fuel droplets. Despite better atomization, it leads to
escaping of droplets from the primary flame. These fine
droplets burn at the top of the primary flame giving
a bluer region. The extent of the premixed flame in-
creases with the fuel flow rate, which is evident from
Fig. 5 (as an increase in the secondary blue flame).

As is seen from Fig. 5, for the P. = 0.52 case,
some of the fuel droplets burn at the top of the primary
flame clearly due to poor atomization. However, as the
fuel flow rate is increased, atomization improves, and
no separate droplet burning at the top is observed for
the P, = 0.68 case. Thus, the flame height is smaller
as compared to the P. = 0.52 case. A blue region is
visible in the P. = 1.0 case, which accounts for better
atomization and momentum-dominated nature of the
flame. It is clear from Fig. 5c that a large number of
fuel droplets escape and burn at the top of the primary
flame in the presence of excess air. In this case, due
to better atomization, separate burning droplets (as in
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Fig. 6. Comparison of experimental data (points)
with results predicted by Eq. (7) (straight line).

the P, = 0.52 case) are not visible, but a blue region
prevails at the top of the primary flame. Thus, the flame
height decreases slightly from the P, = 0.52 case to a
minimum value and subsequently increases for the same
MFR. As is seen from Fig. 3, the flame height increases
with increasing MFR for a fixed value of P,.

4.3. Correlation for the Flame Height Ratio

A design layout was prepared for carrying out the
experiments to develop a correlation for the flame height
ratio in terms of the power level ratio and momentum
flux ratio. The RSM [25, 26] was applied with two de-
sign factors, and the flame height ratio was considered
as a response variable.

The number of trials, which is based on the number
of design factors, was 16 (11 combinations and 5 repli-
cations). This design layout made sure that the most
accurate prediction could be generated with the least
number of experiments being conducted. The design
layout was obtained by using Design Expert, a special-
ized software system for preparing design layouts with
the use of many design methods and for predicting the
most accurate model based on the results of the de-
sign layout. The uncertainty in the predicted data in
the present case ranged from 0.1 to 4.5% with a mean of
2%. The predicted and experimental data are compared
in Fig. 6. They are found to be in good agreement. The
resulting correlation

H, = a—DbP, + cMFR + dP,MFR +eP? — fMFR? (7)

was rigorously tested for other regions in the design
space. Here a = 1148.87012, b = 3061.481, ¢ = 1.031,
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Fig. 7. (a) Flame height before the threshold lean
blowout air velocity is reached versus the fuel flow
rate. (b) Photographs of the corresponding flames
for Gy = 56, 76, 86, 97, and 107 ml/min (from left
to right; the scale is ~14.8 : 1).

d = 0.36789, e = 1950.55740, and f = 2.63558 - 10~%.
Now, as Eq. (7) is a quadratic in both P, and MFR,
the curves for both variables should be parabolic. How-
ever, it is seen from Fig. 3 that the flame height varies
almost linearly with the MFR. This is because the last
coefficient f in the equation is very small. Therefore,
the value of fMFR? is small as compared to the values
of other terms in the equation and, hence, can be ne-
glected. Thus, Eq. (7) can be considered as linear in
terms of the MFR and parabolic in terms of P,.

4.4. Lean Blowout Limit

The lean blowout limit can be defined as the thresh-
old air velocity at which the flame can still remain stable
for a particular fuel flow rate. The experiment was con-
ducted by keeping the fuel flow rate constant and grad-
ually increasing the air flow rate until the flame became
unstable and blew off. A number of videos were taken
to locate the transition between the stable and unstable
flame and the variation of the flame height at the lean
blowout velocity for different fuel flow rates.

The flame height was found to remain almost con-
stant at low values of the fuel flow rate, but subse-
quently increased sharply with increasing fuel flow rate,
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Fig. 8. Lean blowout air velocity versus the fuel flow
rate.

as is shown in Fig. 7a. At low values of the fuel flow
rate, the spray cone angle increases and the SMD of fuel
droplets decreases with the fuel flow rate [23, 24], as dis-
cussed earlier. Thus, atomization and mixing start im-
proving rapidly, and all the fuel droplets are consumed
by air despite the increase in the fuel flow rate. How-
ever, it can be noted that there is only a slight increase
in the flame height at low fuel flow rates (see Fig. 7a).
For a similar reason, only a few fine droplets are found
to escape the flame, representing a very small blue re-
gion above the flame, as is shown in Fig. 7b. However,
at higher values of the fuel flow rate, a larger blue region
starts appearing at the top of the flame, which indicates
that the flame is located in the well-mixed region and,
hence, is susceptible to blowout. It is seen from Fig. 7a
that the flame height increases with the fuel flow rate.
This increase in the flame height and the blue region
can be due to the asymptotic behavior of the SMD and
the spray cone angle at these fuel flow rates [23, 24],
as explained earlier in Section 4.2. Thus, due to the
increase in the fuel flow rate, the momentum of fuel
droplets increases, leading to formation of a fine spray.
Hence, the spray with a fine droplet distribution and
a wider spray cone angle helps in enhancing mixing of
the vaporized fuel and air, thus, providing a light blue
region at the top. Note that the extent of the premixing
flame is enhanced; thus, the lean blowout velocity starts
decreasing.

The lean blowout limit v, follows a parabolic trend
as a function of P,., as is shown in Fig. 8. It first in-
creases with increasing fuel flow rate and then decreases.
The low blowout limit at low fuel flow rates can be
attributed to poor atomization. However, as the at-
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omization starts improving with the fuel flow rate, the
flame blows out at a higher air flow rate; thus, the lean
blowout limit increases. However, above a certain fuel
flow rate, the SMD and the spray cone angle become
almost constant. A further increase in the fuel flow rate
leads to an increase in the momentum of droplets and
enables them to escape the flame kernel without burn-
ing (see Fig. 7b). An increase in the air flow rate in this
situation results in quenching of the recirculation zone,
eventually leading to lean blowout. Thus, at higher val-
ues of the fuel flow rate, the lean blowout velocity starts
decreasing due to escaping of droplets from the flame
kernel, leading to incomplete combustion. The average
error in the calculation of the lean blowout limit was
found to be ~4%.

CONCLUSIONS

In this work, the spray flame of the kerosene-based
Jet A1l fuel was characterized for different MFRs and
fuel flow rates in terms of the visible flame height. The
optimal design methodology was adopted for deriving
an empirical relationship for the flame height ratio in
terms of the MFR and power ratio, which can be used
for design of kerosene-based combustion systems. The
lean blowout limits were also investigated for different
fuel flow rates. The results of the present experimental
investigation can be summarized as follows.

e The flame height ratio was found to increase with
increasing MFR at a constant fuel flow rate. The flame
height first decreases to a minimum value with increas-
ing power level ratio and subsequently starts increasing
for all fixed MFR values. This behavior of the flame
height ratio with the power level can be attributed to
improvement of spray formation and to an increase in
the extent of the premixed flame due to escaping of
high-momentum droplets forming a secondary premixed
flame zone above the primary diffusion flame region.

e An empirical relationship (7) of the flame height
ratio with the power level and MFR, was developed in
a dimensionless form by using the response surface op-
timal design layout.

e The lean blowout limit follows a parabolic rela-
tionship with the fuel flow rate. It first increases with
fuel flow rate to a maximum value with improvement of
atomization and then starts decreasing with a further
increase in the fuel flow rate. This parabolic relation-
ship is attributed to improvement of spray formation
and to an increase in the extent of the premixed flame
region with an increase in the fuel flow rate.
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