J Ther Eng, Vol. 8, No. 1, pp. 67-77, November 2022

Journal of Thermal Engineering
Web page info: https://jten.yildiz.edu.tr
DOI: 10.18186/thermal. 1067021

(72
&

Journal of Thermal Engineering

Research Article

Experimental investigation of heat transfer characteristics of an inverse
diffusion flame in a coaxial tube burner for with and without swirl
Shankar BADIGER™*O, V.V. KATTI'O, T.R. ANIL?

'Department of Mechanical Engineering, KLS, VDIT, Haliyal, India
’Department of Aeronautical Engineering, KLS, GIT, Belagavi, India

ARTICLE INFO ABSTRACT

Article history
Received: 30 March 2020
Accepted: 22 July 2020

Heat transfer by flame jet impingement is widely used in many of the industrial and domestic
applications like heating metal bars, scrap melting, shaping the glass, metal slab cutting,
domestic cooking and others. Aim of the present experimental work is to study an effect of
swirl on a local heat flux distribution of an inverse diffusion flame (IDF) jet impinging on a
flat target surface in a coaxial tube burner. The twisted tape of twist ratio 3 (corresponding
to the swirl number, S = 0.52) is used to create a swirl in the central air jet of the burner. The
flame shapes and heat flux distributions are compared for the with and without swirling IDF
under the different air jet Reynolds number (Re ) of 1000 to 2500, equivalence ratio (¢) of
0.4 to 1.3 and a burner-to-impingement plate distance (H) of 10 to 100mm. The distributions
of heat fluxes are studied within a radius of 75 mm from the point of stagnation on an
impingement plate. Results show that the swirling IDF helps in clean combustion of the fuel
with much shorter flame height. Swirling in the flame jet enhances the peak heat flux for
the higher air jet Reynolds number for slightly fuel rich conditions of ¢ = 1.1 at the optimal
burner-to-target plate distance of 40 mm.
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INTRODUCTION

Gaseous combustion is used in industries for many of
the applications due their better convective heat transfer.
By considering the safety and wide range of flame stabil-
ity limits in comparison to premixed combustion, the dif-
fusion flames are used in industries. The inverse diffusion
flame is obtained in a co-axial tube burner having a central
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air jet with annular space of fuel jet surrounding the air
jet. The entrainment of fuel into the air jet results in bet-
ter 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
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liquid petroleum gas (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 speed 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 the effect of an air jet diameter of an IDF
burners and investigated the thermal and emission char-
acteristics. Choy et al. [7] examined the pollutant emis-
sions of an IDF. The emissions of LPG combustion in an
IDF burner is carried out with the addition of hydrogen by
Miao etal. [8]. Cha et al. [9] focused on a recirculating flow
structure of a normal diffusion flame and compared with
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 an IDF burner
by creating swirl in the flame. It is observed that the internal
recirculation zone in the flame which stabilizes and short-
ens the flame. Kotb and Saad [11] experimented with the
swirl burners to examine the thermal and pollutants of an
IDE An effect of swirl vane angle and a number of swirl
vanes on thermal and emission characteristics of an IDF
have been investigated by Patel and Shah [12,13]. Basem
A. Rabee [14] studied the effect of an air jet diameter on
the thermal and emission characteristics of an IDE Patel
and Shah [15] examined the effect of swirler vane angle on
the flame appearance and CO emissions of the LPG diffu-
sion flame. The results exhibited that the higher flame sta-
bility with less CO is attained with the help of swirl. Tong
et al. [16] conducted an experiment to study the structure
of flames and emissions of a diffusion flames stabilized by
swirling flow and bluff-body. An experimental result is then
compared with numerical simulations.

The premixed flames and inverse diffusion flames are
used in heating applications due to its better convective heat
transfer. Many of the researchers examined the heat trans-
fer rate of swirling premixed flames. [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 para-
metric study on an IDF burner to investigate the heat flux.
They reported that more uniform heating is observed at a
stagnation point as compared to premixed impingement.
Dong et al. [23,24] conducted experiments with different
air jet diameter IDF burners and studied heat flux on the
target surface. H.S. Zhen et al. [25,26] are only the research-
ers who introduced swirl in an IDFs and investigated the
heat flux on the target plate. The swirl in an IDF burner was
established by two tangential air inlets connected to a swirl
chamber, tangential air entry induced the rotational motion
in an air jet. In the literature it is observed that the swirling
in the flame jet improves the thermal and emissions char-
acteristics of an IDF and also enhanced the impingement
heat transfer. This motives the author to focus on the swirl-
ing inverse diffusion flame jet as there is a 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 investigate the
swirling flame jet heat transfer behaviour of an IDE. In the
present work, the local heat transfer distributions in a radial
location on an impingement plate is studied by the novel
method of inverse heat conduction problem (IHCP) in a
semi-infinite medium using a thermal imager. The radial
heat flux distribution is presented for an air jet Reynolds
number (Re ) of 1000 to 2500, an equivalence ratio (¢) of
0.4 to 1.3 and burner-to-impingement plate distance (H) of
10 to 100 mm. The objectives of the present experimental
work are outlined:
1) To study the flame shapes.
2) To study the radial heat flux distribution of swirling
inverse diffusion flame in a coaxial tube burner.
3) To compare the radial heat flux values on an
impingement surface for the with and without
swirling inverse diffusion flame jet.

EXPERIMENTAL METHOD

Figure 1(a) illustrates the schematic diagram of the
coaxial tube burner used in this work. The burner consists
of two concentric tubes with an inner tube of 5mm in diam-
eter and an outer tube of 10mm in diameter. The burner is
operated with the central air jet and being surrounded with
the annular fuel jet. The fuel comes out with an annular
slit of 1.9mm. The burner is provided with a sufficient L/d,
ratio of greater than 20 to achieve the fully developed flow.
In order to study an effect of swirl on the flame appearance
and local heat transfer characteristics, the twisted tape of
15mm pitch with a twist ratio of 3 is used in an experimen-
tal work and is shown in fig. 1(b). The twisted tape fit inside
an air jet tube. The swirl number (S), which characterizes
the degree of swirl and is obtained by an equation (2). The
value of swirl number (S) is 0.52 for the twisted tape of
15mm pitch.

Figure 2 illustrates the schematic representation of an
experimental setup. The constant pressure air is supplied
to the coaxial tube burner from an air screw compressor.
The mass flow rate of a constant pressure air is controlled
by a needle valve. The flow rate of an air is measured by
a calibrated orifice meter incorporated in an 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 metered by a calibrated orifice meter.
An enclosure is provided to the burner to avoid the dis-
turbances from the surrounding. A glass window is pro-
vided at the front to visualize the IDF. A flat plate is used
as a target plate in the present study. The target surface is
made up of quartz plate of size 150mm x 150mm and 3mm
thickness with an emissivity of 0.93[18]. The temperature
distribution on the quartz plate is obtained 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
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is calculated by an equation (5) by an inverse heat conduc-
tion method problem [18, 27].

An uncertainty in the heat flux is found 10% as calcu-
lated by Moftat R] [28] and is estimated as

" T(zt)-Ti
4 Jaun o -7\ Z erfc( Z ) (1)
K Pl )k 2ot

Assuming that an uncertainty in material thermal prop-
erties (a and k) are negligible, an uncertainty in the heat
flux is given by

Table 1. Thermal imager specifications used in the experi-
mental work

Model Fluke Ti-400

Detector type Focal plane array, Uncooled
Spectral range 7.5-14 pm

Pixel resolution 320 x 240 pixels

Minimum focus distance 15cm

Temperature range -20°C to 1200°C

Accuracy +2°C

AT

do”_f__AT
T(z,t)—Ti

”

)

The swirl number, S is defined as

/Twis!ed tape

I /—Outer tube
150mm /— Inner tube
11
250mm p
Fuel Fuel
KM .
(a) (b)
@5mm 210mm

Figure 1. (a) Coaxial burner geometry. (b) Twisted tape.

12
P —
10
5 3
Methane line
13
7777 T777
1. Air compressor 6. Methane cylinder 11. Quartz plate
2. Pressure regulator 7. Two-stage regulator 12. Thermal camera
3. Pressure Gauge 8. Needle valve 13.  Supporting structure
4. Needle valve 9. Methane flowmeter 14. Personal computer
5. Air Flowmeter 10 Coaxial burner

Figure 2. Schematic diagram of the experimental setup.
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s=m/(2(TR)) 3)
Where, TR = p/w
The equivalence ratio, ¢ is defined as

(I) = (l'ha/l'hf )stoic / (l'ha/l'hf )uct (4)

The Reynolds number (Re ) corresponding the air jet
velocity in the air-port tube of an IDF burner is calculated
as

Re, = (4, )/(rd ) ©)

The heat flux is acquired on the target plate by treat-
ing 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 the following equation:

rn | _r72 ”
T(Z,t)_"l“i:wexp( Z j_q Z

z
4at Terfc(zﬁ) )

The infrared thermal camera is used to record the dis-
tribution 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 equation (6),
such that the square root of the sum of squares, RSS =

\/zinzl (’I;mulytical - Texperimental )2 is minimum [18’27] The

uncertainties are calculated by the procedure given by the
Mofftat [25] and are found to be 10% for estimated heat flux.

RESULTS AND DISCUSSION

The distribution of heat flux along the radius on the tar-
get surface is studied for a different air jet Reynolds number

(Re,) from 1000 to 2500, an equivalence ratio (¢) from 0.4
to 1.3 and the normalized distance between burner- to-tar-
get plate (H) from 10 to 100mm. A comparison is made for
the inverse diffusion flames of the coaxial tube burner with
and without swirl conditions by the twisted tape inserted in
the air jet. The impinging flame shapes are studied.

Impinging Flame Shapes

The photos of an impinging flames of an inverse diffu-
sion flame coaxial tube burner at varying Re , varying ¢, and
varying H are shown in the figs. 3 to 5 respectively for the
swirl and non-swirling conditions. Fig. 3 shows an imping-
ing flame shapes for the swirl and without swirl conditions
at$ = 1.1, H=20 mm and for Re = 1000 to 2500. The flame
exhibits blue colour at the base and at the boundary layer
of the flame due to the combustion with the help of sur-
rounding air. The soot is observed at the contracted region
of the flame, indicated by yellow/orange colour which
representants the mixing region. The intensity of soot is
higher at lower Re and subsequently decreases when Re,
is increased to 2500. Both air and fuel flow rates increase
when Re_is increased at a fixed ¢. Higher the Re, results
in the stronger mixing of air and fuel which promotes the
complete combustion of fuel. An introduction of swirl with
the help of twisted tape creates the turbulence which leads
to the intense mixing of air and fuel and results in better
combustion. At the higher Re_of 2500, IDF exhibits a dual
structure flame with a shorter base flame, neck region and
post combustion zone impinging the plate. The similar
flame structure is reported by Zhen et al. [26].

Figure 4 shows an impinging flame shapes for with and
without swirl conditions at varying ¢, Re, = 2000 and H
= 20mm. An equivalence ratio is varied from lean to rich
conditions of ¢ = 0.4 to 1.3 to analyse the results for the
fuel lean, stoichiometric and rich conditions. For without
swirling IDF, for the lean conditions, the soot free flames
are observed for the ¢ = 0.4 to 0.6. The flame exhibits small
amount of soot at ¢ = 0.8 and 1. Further, an intensity of soot

Without twisted tape

1000

Re, = 1500

2000

With twisted tape

Figure 3. Photos of the non-swirling and swirling coaxial IDF at varying Re , ¢ = 1.1 and H = 20mm.
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Figure 4. Photos of the non-swirling and swirling coaxial IDF at varying ¢, Re, = 2000 and H = 20mm.

is higher for the fuel rich conditions of ¢ = 1.1 to 1.3. The
soot is completely vanished when swirl is provided in the
flame jet with the twisted tape of TR= 3 (corresponding to
the swirl number, S = 0.52). The swirl reduces the width of
the flame and also impingement area on the target surface.
An increase in the ¢, increases the wall jet region, while
base flame and neck is un affected for the swirl condition.
An impinging flame shapes of the swirling and non-
swirling IDFs operating at varying H, ¢ = 1.1 and Re, =
2000 are shown in fig. 5. An inverse diffusion flame is the
characteristics of a dual structure flame which consists
of the base, mixing region and the post combustion zone
[26]. The mixing region, where air and fuel interact with
each other during the combustion. The soot is observed
in this region. The post combustion region consists of an
inner reaction cone and also the diffusion layer as shown
in the fig. 5. An impingement of the different zones of the
IDF flame to the plate depends upon the distance between
the burner surface and the target plate. When swirl is pro-
vided in an air jet with the help of twisted tape, splitting

of the flame takes place and the flame height is shortened.
The swirling flame impingement is obvious only up to the
height of H = 40 mm, for the later H, the flame tip touches
the target surface.

Heat Flux Distribution

The radial heat flux distributions of a coaxial inverse dif-
fusion flame without and with swirl for varying Re , varying
¢ and varying H are investigated. The radial heat flux values
are studied within the distance of R = 75 mm from the point
of stagnation. The comparison is given between the swirl
and non-swirling conditions.

Effect of an Air Jet Reynolds Number

The local heat flux distribution on an impingement plate
for varying Re_at ¢ = 1.1 and H = 20 mm is presented in
the fig. 6(a) and (b) for the without and with swirling condi-
tions respectively. In case of non-swirling impingement, the
low heat flux value is seen at the stagnation region due to an
impingement of an air jet core. The higher heat flux values
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Figure 5. Photos of the non-swirling and swirling coaxial IDF at varying H(mm), ¢ = 1.1 and Re_= 2000.
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Figure 6. Radial heat flux distributions for varying Re_ for (a) without swirl and (b) with swirl at ¢ = 1.1 and H = 20mm.

are seen away from the stagnation region between 2<R/
d <4. This is due the development of combustion in these
radial positions. For a constant ¢ and H, as Re is increased,
both an air and the fuel flow rate increases and hence high
heat flux is seen. The peak heat flux values increase from 47
to 94kW/m?* when Re_ is increased from 1000 to 2500 for
non-swirling conditions. When swirl is provided, there is
an increase in the stagnation point and wall jet region heat
fluxes as presented in the fig. 6(b). The stagnation point
heat fluxes are lower for the Re, =1000 and 2500 due to an
impingement of an air jet core. Figure 7 shows the peak heat
flux values for varying Re_at ¢ = 1.1 and H = 20 mm. The
peak heat flux values are higher for swirling impingement
at Re, = 2000 and 2500. This is due the greater mixing of
an air and fuel, higher level of turbulence and also entrain-
ment of an ambient air, which leads to the combustion of
the fuel. There is an enhancement of 48% to 110% in the
peak heat flux on the target plate is found for the swirling
IDF impingement as compared to non-swirling IDF.

Effect of an Equivalence Ratio

Figure 8(a) and (b) represents an effect of an equiva-
lence ratio (¢) on the distributions of radial heat flux values
at Re, = 2000 and H = 20mm for the non-swirl and swirl
conditions respectively. Fig. 8(a) shows that an effect of ¢
is negligible on the stagnation point heat flux. Fig. 9 shows
the peak heat flux values for varying ¢ at Re, = 2000 and H
= 20mm for the with and without swirl conditions. From
the figure it is observed that the peak heat flux increases up
to ¢ = 1.2 and then drops for the non-swirl conditions. The
peak heat flux for the non-swirl impingement is observed
for ¢ = 1.2. This is because the richer mixture burns in the
radial position, far from the stagnation point and releases

B Vithout swirl

With swirl

160 -

140

120 +

-

=3

o
1

Peak heat flux (kW/m®)

1000 1500

2000

2500

Re,

Figure 7. Peak heat flux values for varying Re_for with and
without swirl at ¢ = 1.1 and H = 20mm.

the maximum heat. There is an increase in the peak heat
flux from 29.80kW/m? to 89.37kW/m? when ¢ is increased
from 0.4-1.3 as shown in the fig. 9. Fig. 8(b) represents
an effect of swirl on the local heat flux distributions along
the radius of an impingent plate. Lower heat flux values at
the stagnation point are observed for the lean conditions
of ¢ = 0.4-0.6 and for the too rich condition of ¢ = 1.3.
Higher stagnation point heat fluxes are observed for the ¢
= 0.8—1.2. The swirl results in the stronger entrainment of
fuel into an air jet and turbulence enhances the greater mix-
ing and leads to the clean combustion. Fig. 9 shows that the
peak heat flux value first increases as ¢ varies from 0.4 to
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1.1 and then drops for the ¢ = 1.2 to 1.3. There is a 13-96%
increase in the peak heat flux as compared to without swirl
flame impingement. Among the different ¢, the maximum
heat flux is at ¢ = 1.1. This is due to the peak burning veloc-
ity of the methane-air mixture is at slightly fuel rich condi-
tion. For the richer condition of ¢ = 1.3, the air-fuel mixture
burns in the radial locations with the help of ambient air
and results in high heat flux values in the wall jet region as
shown in the fig. 8(b).

Effect of Burner to Target Surface Distance

Figure 10(a) and (b) shows an effect of burner to target
surface distance on the radial heat flux distribution at ¢ =
1.1 and Re = 2000. For the non-swirling condition, lower
stagnation heat fluxes are observed for the H = 10 to 40mm.
This is due an impingement of the air-fuel mixture before
the complete reaction and also the presence of an air jet
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Figure 9. Peak heat flux values for varying ¢ for with and
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Figure 10. Radial heat flux distributions for varying H(mm) for (a) without swirl and (b) with swirl at ¢ = 1.1 and Re_ = 2000.
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Figure 11. Peak heat flux values for varying H for with and
without swirl at Re, = 2000 and ¢ = 1.1.

core at the center. There is an augmentation of heat flux at
the stagnation point for the H = 50 to 100mm, due to an
impingement of inner reaction cone of the flame and also
the tip of the IDE. In case of swirling flame impingement, the
maximum stagnation point heat flux is at H = 30mm. This
is due to an impingement of tip of the inner reaction zone
where the temperature is highest and this can be seen in the
flame shapes of fig. 5. The peak heat flux value shifts near the
stagnation region as H is increased from 30 to 100mm. Fig.
11 shows the peak heat flux values for varying H at ¢ = 1.1
and Re_ =2000. For the swirling impingement, the peak heat
flux increases as H is increased from 10-40mm and then
drops for the remaining heights. There is an improvement
0f9.6—100% in the peak heat flux for between the heights of
10 to 70mm and reduction in the peak heat flux by 6—14%
for the remaining heights of 80 to 100mm as compared to
non-swirling impingement. The drop in the peak heat flux
for the H =80 to 100mm is mainly due to an impingement of
post combustion zone of IDF, where the flame temperature
is lower and is diluted by the atmospheric air.

CONCLUSION

Experiments are carried out to examine the local heat
flux distributions and impinging flame shapes of a coaxial
IDF tube burner for the with and without swirl conditions.
An effect of air jet Reynolds number (Re ), an equivalence
ratio (¢) and the distance between burner to target surface
(H) on the local heat flux of swirling IDF is compared with
that of non-swirl. The subsequent concussions are made.

1) Due to an improper mixing of air and fuel, the non-

swirling IDF exhibits the soot formation and longer
flame.

2) The swirling IDF characterizes with the base flame,

3)

4)

5)

neck and the post combustion zone with an inner
reaction cone. Swirl created by the twisted tape
results in the soot free flames with shorter flame
height.

Swirling effect increases both stagnation region
and wall jet region heat flux with an increase in the
Re . An enhancement of 48-110% in the peak heat
flux is found for the swirling flame impingement as
compared to non-swirling impingement.

Swirling IDF showed the higher heat flux on an
impingement plate for the stoichiometric and at
slightly richer mixture (¢ = 1, 1.1) among the
¢ tested. The peak heat flux is at stoichiometric
condition (¢ = 1.1). The reason is that the peak
burning velocity of methane/air mixture is at
slightly richer mixture. There is an enhancement
of 13-96% in the peak heat flux is seen for the
swirling IDF in comparison with non- swirling
IDE

The heat transfer to an impingement plate depends
upon the position of the target plate with respect to
inner reaction zone of the IDE. Comparison of swirl-
ing and non-swirling IDF reveals that the swirling
IDF enhances the peak heat flux by 10-100% for the
H =10 to 70mm and then drops by 6—14% for the H
=80 to 100mm. An impingement of the inner reac-
tion zone which enhances the heat flux. For the H
= 80 to 100mm, the swirling flame has not touched
the impingement plate and results in lower heat
flux.

NOMENCLATURE

Symbol

Re,
R
m m

£T NHTOo R A

f

Meaning

Reynolds number of air jet

Radial distance from the stagnation point
Mass flow rate of air, kg/s

Mass flow rate of fuel, kg/s
Diameter of air jet, mm

Length of an IDF tube burner, mm
Thermal conductivity, W/m k
Heat flux, W/m?

Time, sec

Temperature, K

Quartz plate thickness, mm

Pitch of the twisted tape, mm
Twisted tape width, mm

Subscription

stoic
act
X

Stoichiometric
Actual

Initial

Average value
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Greek symbols

a

Thermal diffusivity (m?/s)

¢ Equivalence ratio

1y Absolute viscosity of air (Pa-s)

Abbreviations

A Air

F Fuel

TR Twist ratio

S Swirl number

IDF Inverse diffusion flame

IDFs Inverse diffusion flames

H Distance between burner surface to target plate

(m)
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