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Flame jet has a wide range of applications in the industries and also in domestics field. The
efforts have been put to enhance the heat transfer and to reduce the emissions from the
premixed and inverse diffusion flame burners. Especially, the IDF burner suffers from lack
of proper air and fuel mixing, the swirl generated motion from twisted tape would improve
the combustion efficiency. Therefore, an aim of experiment is to study the heat transfer
characteristics of an inverse diffusion flame (IDF) jet impinging on a flat surface in a
coaxial tube burner with swirl. The twisted tape of 15mm pitch creates the swirl in the
flame jet (Corresponding to the twist ratio of 3 and swirl number of 0.52). An effect of
swirl at air jet Reynolds number of 1000 to 2500 and surface of the burner-to-impingement
plate distance (H/da) varying from 2 to 20 is studied at fixed equivalence ratio (¢) of 1.1.
An average heat flux and peak heat flux are studied for the region of 0<r/da<3 on an
impingement plate. From an investigation, it is found that the swirling in the flame jet
enhances the average heat flux by up to 179.2%. The maximum average heat flux is found

at the optimal burner-to-target plate distance of 8.

1. INTRODUCTION

Premixed and non- premixed combustion is used in the
industries for many of the applications due their better
convective heat transfer. By considering the safety and wide
range of flame stability limits in comparison to a premixed
combustion, the diffusion flames are used in the industries.
The inverse diffusion flame is obtained in a co-axial tube
burner having the central air jet with an annular slit of fuel jet
surrounding the air jet. An entrainment of fuel into the air jet
results in better mixing and burning. Sze et al. [1] studied
flame shapes, thermal and emission characteristics of two
different IDF burners. Mikofski et al. [2] investigated the
flame heights for varying air flow rates. The experimentation
on the LPG flame structure in a backstep IDF tube burner is
carried out by Mahesh and Mishra [3, 4]. They observed blue
flame when air jet velocity is increased. Zhen et al. [5] varied
the nozzle length of IDF burner and found good performance
with shorter nozzle. Dong et al. [6] examined an effect of the
air jet diameter of the IDF burners and investigated the thermal
and emission characteristics. Choy et al. [7] examined the
pollutant emissions of IDF. The emissions of LPG combustion
in IDF burner are carried out with the addition of hydrogen by
Miao et al. [8]. Cha et al. [9] focused on a recirculating flow
structure of a normal diffusion flame and compared with a
numerical simulation.

Due to better combustion characteristics, the swirling
flames are becoming important in practical applications. Zhen
et al. [10] studied the flame shapes of IDF burner by creating
swirl in the flame. It is seen that the internal recirculation zone
in the flame which stabilizes and shortens the flame. Kotb and
Saad [11] experimented with the co-swirl and counter swirl
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burners to study the thermal and pollutant emissions of IDF.
An effect of swirl vane angle and number of swirl vanes on
thermal and emission characteristics of IDF have been
investigated by Patel and Shah [12, 13]. Rabee [14] studied an
effect of the air jet diameter on the thermal and emission
characteristics of an inverse diffusion flame. Patel and Shah
[15] investigated the effects of swirler vane angle on the flame
appearance and CO emission characteristics of LPG diffusion
flame. The results showed that the higher flame stability with
less CO is attained with the help of swirl. Tong et al. [16]
studied the flame structure and emission characteristics of a
diffusion flames stabilized by swirl flow and bluff-body. The
experimental results are then compared with the numerical
simulations.

The premixed flames and inverse diffusion flames are used
in heating applications due to their better convective heat
transfer. The heat transfer rate of swirling premixed flame has
been investigated by many of the researchers [17-21]. They
observed higher heat flux with better uniformity on the target
surface by the swirling flame jet. Sze et al. [22] carried out the
parametric study on IDF burner to investigate the heat flux.
They reported that more uniform heating is observed at a
stagnation point as compared to a premixed impingement.
Dong et al. [23, 24] conducted experiments with different air
jet diameter IDF burners and studied heat flux on the target
surface. Zhen et al. [25, 26] are only the researchers who
introduced swirl in the IDFs and investigated the heat flux on
the target plate. In the literature it is observed that the swirling
in the flame jet improves the thermal and emissions
characteristics of an inverse diffusion flame and also enhanced
the impingement heat transfer. This motives the author to
focus on the swirling inverse diffusion flame jet as there is a
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limited study is available on the swirling IDF impingement
heat transfer. It is also seen that there is no information
available in the literature using twisted tape as a swirler to
study the swirling flame jet heat transfer characteristics of IDF.
In the present work, the distribution of the heat fluxes on an
impingement plate are studied by the novel method of inverse
heat conduction problem (IHCP) in a semi-infinite medium
using a thermal infrared camera [27-29]. The heat flux
distribution is presented for the air jet Reynolds number (Rea)
=1000 to 2500 and burner to impingement plate distance (H/d,)
= 2 to 20 for a constant equivalence ratio (¢) of 1.1. The
following are the objectives of the present work:

1) To study the heat flux distribution of swirling inverse
diffusion flame jet in a coaxial tube burner by using a twisted
tape.

2) To compare the average heat flux in the particular region
of an impingement plate and peak heat flux for the swirling
and non-swirling inverse diffusion flame jet.

2. EXPERIMENTAL METHOD

The schematic diagram of an experimental setup is shown
in the Figure 1(b). An inverse diffusion flame is produced by
a brass tube burner with the air-port diameter of 5mm at the
center surrounded by an annular fuel slit of 1.9mm. The burner
is provided with a sufficient L/d, ratio of greater than 20 to
achieve the fully developed flow. The coaxial burner head is
shown in the Figure 1(a). In order to study an effect of swirl
on the heat transfer characteristics, the twisted tape of 15mm

pitch with the twist ratio of 3 is used. The twisted tape fit inside
the air jet tube. The swirl number S, which characterizes the
degree of swirl and is calculated by the Eq. (1). The value of
swirl number (S) is 0.52 for the twisted tape of 15mm pitch.

The constant pressure air is supplied to the coaxial tube
burner from a screw compressor. A needle valve is used to
control the mass flow rate of air. The flow rate of air is
measured by a calibrated orifice meter incorporated in the air
line. The experiments are conducted using the methane fuel of
99.99% purity. The flow rate of fuel is controlled by a needle
valve and measured by a calibrated orifice meter. An
impingement surface used in the present study is the quartz
plate of size 150mm x 150mm and 3mm thickness with an
emissivity of 0.93. The temperature distribution on the quartz
plate is measured with the help of a thermal imager (Fluke
Ti400) and the specifications are given in the Table 1. The heat
flux on the target surface is calculated by an Eg. (4) as
suggested by the Vijaykumar et al. [18]. The uncertainty in the
heat flux is found 10% as calculated by Moffat [30].

Table 1. Thermal imager specifications used in the
experimental work

Model Fluke Ti-400
Detector type Focal plane array, Uncooled
Spectral range 7.5-14pm

Pixel resolution 320 =240 pixels

Minimum focus distance 15cm
Temperature range -20°to 1200°C
Accuracy 2°C

a5 Air line

. (b)

/'
(a)

(mm)

1. Thermal Camera

2. Quartz plate

3. Impinging flame

4. Coaxial tube burner
5. Flow meters

6. Needle valves

7. Pressure gauges

8. Methane cylinder

9. Air screw compressor

Figure 1. Schematic diagram of the (a) top view of coaxial burner and (b) experimental setup



The swirl number, S is calculated as:
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The equivalence ratio is calculated by an Eq. (2):
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The Reynolds number (Re,) corresponding the air jet
velocity in the air-port tube of IDF burner is calculated by an

Eg. (3):
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The heat flux (q") is obtained on the target plate by treating
it as a semi-infinite model. For the constant heat flux, the
temperature distribution T(z,t) on the backside of the target
plate with the time (t) at a depth of Z in semi-infinite medium
is obtained by an Eq. (4):
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The infrared thermal camera is used to record the
distribution of temperature on the back surface of the quartz
plate. For the short interval of time and by fluctuating the heat
flux (q"), for different time intervals, the noted temperature
T(z,t) is then matched with an Eq. (4), such that the square root

of the sum of squares, RSS=,/ Y, (T, — T,)? is minimum [18,

27-29].

Re, = 1500

3. RESULTS AND DISCUSSION

The heat flux on the target surface is studied for the different
air jet Reynolds number from 1000 to 2500 and the distance
between burner-to-target plate from 2 to 20. A comparison is
made for the coaxial burner with and without the twisted tape
inserted in the air jet.

3.1 Heat flux contours

The heat flux contours of the coaxial inverse diffusion flame
without and with swirl for varying Re,, ¢ =1.1 and H/d.= 4 are
shown in the Figures 2 and 3 respectively. Lower heat flux near
the stagnation region is observed in case of without swirl IDF
impingement for all the Reynolds number. This is due to an
impingement of the air jet core at the stagnation region. When
the swirl is provided in the flame jet, there is a drastic increase
in the heat flux at the stagnation region due to the better mixing
of air and fuel created by the swirl. The two peak heat fluxes
lobes are observed on the target plate in case of the swirling
impingement and is due to the splitting of the flame due to the
present of twisted tape in the air jet tube. Figures 4 and 5
represents the heat flux contours on the target plate for without
and with swirl, for varying H/d., Re, =2000 and ¢ =1.1
respectively. In case of without swirl, an increase in the H/d,
shifts the peak heat flux in the wall jet region to the stagnation
region and reaches maximum at H/d, =10. This is due to an
impingement of the premixed part of the flame where the
temperature is highest. In case of swirling IDF impingement
(See Figure 5), the peak heat fluxes are started to observe from
H/d;=6 in the stagnation zone and is mainly due to the
shortening of flame height due to swirl [10].
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Figure 3. Heat flux contours for different Re, with swirl at ¢ = 1.1 and H/d.=4
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Figure 4. Heat flux contours for different H/da, without swirl at ¢= 1.1 and Re,=2000

3.2 Average heat flux and peak heat flux

The results of swirling inverse diffusion flame are compared
with that of non-swirling IDF (Without inserting twisted tape
in the air jet tube). A comparison is made in terms of average
heat flux (§'") defined by an Eq. (5) and the peak heat flux for
the region 0<r/d,<3 on an impingement plate.

—Il:Z{il Q{,
N

)

where, N is the total number of heat flux data points on the
impingement plate.

3.2.1 Effect of Reynolds number

The average and peak heat flux values for the different air
jet Reynolds number is shown in the Figure 6(a) and (b)
respectively at ¢= 1.1 and H/d,=4. There is an enhancement of
139.33, 142.71, 179.20 and 139.68% in the average heat flux
in the region 0<r/d,<3 at Re,=1000-2500 as presented in
Figure 6(a). Further it is seen that the highest average heat flux
is at Re,=2000 for the swirl condition. The reason for this is
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the greater interaction of air and fuel and also entrainment of
ambient air leads to the complete combustion of fuel at ¢=1.1.
The Figure 6(b) shows the 53.95, 57.31, 64.73 and 48.90%
increase in the peak heat flux. The peak heat fluxes are found
to be the highest for the swirl conditions and is due to the
premixed mode of flame impingement which has a highest
flame temperature.

3.2.2 Effect of burner to target plate distance

Figure 7(a) and (b) shows an effect of burner-to-target
surface distance on the heat flux at ¢ = 1.1 and Re,=2000. An
augmentation of average heat flux is found by 139.84, 179.20,
144.96, 74.29, 20.33, 8.20, 3.35 and 0.74 % for the H/d, =2 to
16 in comparison with non-swirling IDF impingement as
shown in the Figure 7(a). The average heat flux in case of the
swirling IDF, first increases up to H/d, = 8 and then drops as
an impingement plate moves away from the burner. It is due
to an impingement of premixed flame region (reaction zone),
where the temperature is highest. There is a drop in the average
heat flux for the H/d.=10 to 20. This is due to an impingement
of the post combustion zone of IDF, where the temperature of
the flame is lower and is diluted by an atmospheric air.
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The peak heat flux is also found highest at the H/d,=8 and
is again due an impingement of premixed part of the flame. A
reduction of 23.40% and 26.67% in the average heat flux and
areduction 0f 4.10% and 4.6% of peak heat flux is seen for the
H/d.= 18 to 20 respectively as compared to without swirl
impingement and is shown in the Figure 7(a) and (b). The
cause for this is that the swirling IDF does not touch to an
impingement plate due to shortening of the flame height.

4. CONCLUSIONS

The experiments are conducted to examine the heat transfer
characteristics of a coaxial IDF tube burner for with and
without swirl conditions. An effect of the air jet Reynolds
number (Re,) and distance between the burner to target surface
(H/da2) on the heat flux average and peak heat flux of the
swirling IDF is compared with that of non-swirl IDF. The
subsequent conclusions are made.

1) Lower heat flux near the stagnation region is observed
for the non-swirling IDF impingement due to the touching of
air jet core. However, there is an improvement in the flux when
the air jet core is destroyed by the swirl.

2) The comparison of average heat flux of the swirling and
non-swirling IDF for the different air jet Reynolds number
reveals that the swirling IDF promotes the better combustion
due to rapid mixing of air and fuel. At ¢ = 1.1, H/da = 4, the
swirling flame obtained a maximum average heat flux of
179.2% for Re,=2000 when compared to non-swirling IDF
even though the mixture is richer.

3) At Re; =2000 and ¢ = 1.1, the experiments conducted for
different H/d, of 2 to 20, the maximum heat transfer is
obtained at H/d, = 8 for swirling and H/d, = 10 for non-
swirling condition. For this operating condition, swirling IDF
attained a better average heat flux than that of non-swirling
IDF. However, an average heat flux decreases for the H/d, =
18 to 20 for the swirling IDF due to the shorter flame height.
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NOMENCLATURE

Symbol

Re, Reynolds number of air jet
m, Mass flow rate of air (kg/s)
da Diameter of air jet (m)

k Thermal conductivity (W/m k)
q" Heat flux (W/m?)

t Time (sec)

T Temperature (K)

Z Quartz plate thickness (mm)
p Twisted tape pitch (mm)

w Twisted tape width (mm)

S Swirl number

Greek symbols

a

¢
vl

Thermal diffusivity (m?/s)
Equivalence ratio
Absolute viscosity of air (Pa-s)

Subscription

stoic

act

1
a
€

Stoichiometric
Actual

Initial
Average
Analytical
Experimental
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Abbreviations IDFs Inverse diffusion flames

H Distance between burner surface to target
A Air plate (m)
F Fuel
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