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This paper presents an experimental study to explore the feasibility of utilizing a swirling inverse diffusion flame
(IDF) jet for impingement heating. The investigation concentrates on the impinging flame structure and
impingement heat transfer. The effects of air swirling, the air jet Reynolds number, Re,, the global equivalence
ratio, ®, and the non-dimensional burner-to-plate distance, H/d,, on the impinging flame shape and impinge-
ment heat transfer are investigated experimentally. The Experiments show that introduction of air swirling can
either enhance or reduce the heat transfer rate depending on operating condition. Under-swirling produces no
evident heat transfer enhancement due to insufficient air/fuel mixing, while over-swirling reduces heat transfer
rate because of the dilution of the entrained cold ambient air. Heat transfer enhancement is achieved with the
appropriate level of air swirling when the complete combustion occurs in the inner reaction zone around a
stoichiometric condition. The investigation shows that the impinging inverse flame jet with an appropriate level
of air swirling possesses the advantages of both premixed and diffusion flame jets with blue appearance, ultra-
low NOy emission, high flame temperature, good self-stabilization capability, and enhanced heat transfer rate.

Therefore, it is a desirable option for impingement heating applications.

1. Introduction

Impinging flame has been widely used in domestic and industrial
applications due to its enhanced convective heat transfer rate. Previous
studies have focused on its heat transfer characteristics [1-3], pollutants
emission characteristics [4-7], and flow and flame structure [8-10].

Premixed or partially premixed flame is often employed in
impingement heating applications due to its high flame temperature and
less or no soot emission [11-12]. However, several concerns are
accompanied such as danger of flashback when flame speed is higher
than the premixed fuel/air mixture velocity, and poor flame stability
without external help. Normal diffusion flame is safe in essence, but it
has low heat release rate and excess soot emission, which makes it a rare
selection for impingement heating. In order to address these concerns,
an inverse diffusion flame jet is resorted to. The present experimental
study is aimed to explore the feasibility of swirling inverse flame jet for
impingement heating, and thus to provide a desirable alternative to the
conventional premixed flame jet.

Impinging swirling jet has been investigated for different purposes.
Introduction of swirling to the isothermal impinging jet is used to obtain

a more uniform heat transfer rate, and thus to reach a better cooling
effect in electronic-cooling applications [13-15]. Introduction of swirl-
ing flow to free flame jet is aimed to either obtain a more stabilized
flame or reduce NOy emission [16-19,21]. Swirling flow is widely used
to enhance the flame stability through the swirl-induced recirculation
zone which carries the hot combusted gas downstream backwards to mix
with the cold gas mixture. Feikema et al. [16] reported that introduction
of swirling flow enhances the blow-out limits of the diffusion flame jet
studied. Chan et al. [20] found that weak swirling flow is able to sta-
bilize premixed flames. Huang et al. [22] have found that introduction
of swirling can produce more uniform hat flux distribution along the
impingement plate when studying a laminar premixed impinging flame
jet. Recently, the heat transfer characteristics of a pair of premixed
swirling flame jets have been investigated and reported [24-25]. Little
work has been done to study the effect of swirling flow on the impinging
IDF jet for rapid heating.

The previous studies by the authors have found that under certain
operating conditions, introduction of swirling air flow can change the
flame structure from a yellow diffusion flame to a blue premixed flame.
In the meantime, swirling flame jet can achieve similar level of
maximum flame temperature as that in the non-swirling flame jet, but
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Nomenclature

d air port diameter (m)

H distance between the nozzle and the impingement plate
(m)

P static wall pressure (Pa)

q heat flux density(w/mz)

r radial distance from stagnation point (m)

Re Reynolds number(=u,d,/v,)

T temperature (K)

u Velocity(m/s)

Greek symbols

\% kinematic viscosity(i m?/s)

[0} equivalence ratio (= (stoichiometric air/fuel volume
ratio)/(actual air/fuel volume ratio))

Subscripts

a air jet

at atmospheric condition

w impingement plate

emit much less NOy due to the reduced flame length and residence time.
It has been found that the blue swirling IDF jet is desirable for
impingement heating. To understand more about the heat transfer
characteristics of this blue swirling IDF, the current study focuses on the
impinging flame structure and impingement heat transfer. Effects of air
swirling, H/d,, Re,, and ¢ on the heat transfer rates are studied and
discussed.

2. Experimental setup and uncertainty analysis

The experimental setup and the coordinate system are shown sche-
matically in Fig. 1(a). The IDF is produced by a perforated brass burner
with a 6 mm-diameter air port in the center surrounded by a row of 6
evenly distributed fuel ports of 3.4 mm in diameter. The center-to-center
distance between the central air port and each fuel port is 8 mm. The
burner head has a length of 35 mm and diameter of 40 mm. The swirling
air flow is produced by a vane swirler with the swirl number of 0.43,
which is of 6 mm in diameter and 12 mm in length. It is mounted flush
inside the air port, with the vane angle of 45. The schematic of the
burner head with the air/fuel ports is shown in Fig. 1(b). Metered air was
directly delivered to the IDF burner, while the metered butane gas was
divided into two lines to enter the settling chamber in opposite di-
rections. The distance between the inlets of the fuel gas is 40 mm. The
opposite entry of the fuel gas is designed to obtain high level of turbu-
lence before exiting. The augmented free stream turbulence will
enhance the mixing of the fuel with the air after being issued. The IDF
burner is fixed on a 3-dimensional positioner which could be moved
freely. The IDF is enclosed with screen mesh to minimize the disturbance
of the surrounding air flow. Gas samples within the flame are extracted
by a quartz tube with an inner diameter of 1 mm and outer diameter of 2
mm, which is connected with a long flexible tube in the other end to cool
the sampled gas flowing inside before entering into the gas analyzers.

The flame impingement surface is a rectangular copper plate of 200
mm long, 200 mm wide, and 8 mm thick. It is evenly cooled on the
backside by a cooling water jacket. Copper is selected because of its
excellent thermal conductivity. The top plate of the cooling water jacket
is made of plexiglass to enable the water flow visible. After any change
in the operating condition, measurements are only made after the
steady-state condition has been established again and the exit temper-
ature of the cooling water has been stabilized. The local heat flux from
the flame to the plate is measured with a coated Vatell HFM-6
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Fig. 1a. Schematic of the Test Rig and the Coordinate System.
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Fig. 1b. Schematic of the IDF Burner Head.

microsensor installed inside the impingement plate. The sensor surface
is flush with the front side of the plate facing the flame. The output
voltage signal is recorded by a stand-alone IOtech data acquisitor after
being amplified by an AMP-6 amplifier. The radial heat flux distribution
is obtained with 1 mm apart by moving the burner positioner horizon-
tally. A single pressure tap of 1 mm diameter is drilled through the
copper plate at its center. The radial pressure distributions along the
plate are obtained by moving the three-dimensional burner positioner in
the x-, y- and z-directions, while the plate remained stationary. The
pressure tap is connected via a flexible tube to an inclined differential
manometer with an accuracy of 2% of the full scale. Direct images of the
flames are obtained with a digital camera. The flame temperature is
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measured by a B-type uncoated bare wire thermocouple with the bead
diameter of 0.5 mm. The thermocouple is fixed on a still holder. By
moving the burner, the radial and axial flame temperature distributions
are measured. The same IOtech data acquisitor is used to record the
flame temperature along with heat flux. Corrections for temperatures
over 300 °C are made to compensate for the radiative and convective
heat exchanges from the thermocouple bead with the method suggested
by Bradley and Matthews [33]. The emissivity of the thermocouple bead
is assumed to be a constant as no soot accumulation is found in the
present study. An emissivity of 0.14 is selected as recommended for
uncoated Type B thermocouple by Sparrow and Cess [34]. The
maximum temperature corrected is 132 °C.

To ensure the repeatability, each set of experiments was conducted
two times and the averaged values are reported and employed to
perform the uncertainty analysis. The uncertainty analysis is performed
with the method of Kline and McClintock [23]. With a 95% confidence
level, the uncertainty of the heat flux measurement ranges between
1.2% and 8.5%, respectively.

3. Flame and thermal structures of free swirling IDF jet

The direct photos of the swirling IDF jets and non-swirling IDF jets
under different ® are shown in Figs. 2(a) and 2(b), respectively. It can be
seen from Figs. 2(a) and 2(b) that the flames have unique appearances.
Irrespective of the @, all the flames can be divided into three parts, i.e.,
base flame, flame neck and flame torch. The base flame is a diffusion
flame formed by the combustion of the six fuel jets before they reach the
flame neck where meeting with the central air jet. The fuel jets are
sucked by the central high speed air jet and flow inwards after dis-
charging and finally impinge on the central air jet, where a contracted
flame neck is formed. Due to the direct impingement of the fuel jets, air/
fuel mixing occurs in the flame neck. Beyond that, the gas mixture
marches further downwards forming a flame torch. It can also be
observed from Fig. 2(a) that in the range of ® = 0.6 to ® = 2.17, the
flame torch can be classified into two types. The first type is a blue
premixed flame when ®<1.2. This premixed flame is formed due to the
occurrence of complete mixing. Like Bunsen premixed flames, the pre-
mixed flame torch also has double layers, with an inner reaction zone
and an outer diffusion layer. When @ is increased to 1.6, yellow soot is
observed on the top of the reaction zone, indicating a fuel-rich com-
bustion. When @ is further increased to 2.17, the second type of flame
torch, i.e., a yellow plume flame, is formed on the top due to excessive
fuel-rich condition.

To help further understand the effect of the air swirling on the flame
shape, the non-swirling flames are shown in Fig. 2(b). The differences
can be clearly observed in terms of flame appearance and flame length.
Comparing to the swirling flame jet, the non-swirling flame jet is longer
and thinner. On the whole, they are yellow in appearance except blue
tips under the fuel-lean conditions due to the excess soot emission
associated with incomplete fuel/air mixing in the flame neck when there
is no air swirling to further enhance fuel/air mixing.

(H® =06 2 ®=08
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Therefore, air swirling can enhance the air/fuel mixing in the flame
neck, and produce a premixed blue flame downwards, which is desirable
for impingement heating. In the meantime, this IDF is still a diffusion
flame in essence, which has no danger of flashback and has a better
flame stability. The lean blow-off limit is as low as ® = 0.01 for both
swirling and non-swirling IDFs over a wide range of Re, from 500 to
10000, where only base flame exists with no flame neck due to extreme
fuel-lean condition and all the fuel already consumed before impinging
on the central air jet. Therefore, the current investigation is focused on
blue swirling IDF for impingement heating purpose.

The temperature contours of the swirling and the non-swirling flame
jets are shown in Figs. 3(a) and 3(b), to demonstrate their different
thermal structures.

It can be seen from Fig. 3(a) that the temperatures in the base flame
zone, which is below the flame neck, are generally low, with the coldest
occurring in the flame center. This is attributed to the cold air jet which
is not yet disturbed by the surrounding fuel jets. As a result, no com-
bustion occurs in this region. Beyond the flame neck, this adverse radial
temperature gradient disappears quickly and the flame temperature
increases sharply and then reaches the highest value rapidly. This is the
area between y = 15 mm and y = 40 mm, where the primary chemical
reaction occurs. This is also the region where the swirling-induced
recirculating flow occurs. It has been found that swirling flame is
characterized by the occurrence of a swirl-induced recirculating flow in
the flame reaction zone, which carries the hot combusted gases back-
wards to mix with the cold unreacted gases [18,29,30]. As the result, a
strong fuel/air mixing occurs in this region and the combustion is car-
ried out in a premixed way, producing intense heat release rate and
giving rise to high flame temperature.

As a comparison, the temperature contour of a non-swirling flame jet
is shown in Fig. 3(b) under the same condition. It is observed that in
general, the flame is thinner and the longer. Without air swirling, the
influence of the cold central air jet on the flame thermal structure is
more prominent than that with air swirling. The adverse radial tem-
perature gradient persists until approximately y = 80 mm, where the
maximum flame temperature reaches. This is the result of the incom-
plete mixing of the air with the surrounding fuel jets due to the insuf-
ficient air suction and lack in swirling.

4. Nox emissions from the swirling IDF jet

The values of NOx emission index, EINO,, and the comparison with
those reported in literature, are shown in Fig. 4.

It is observed from Fig. 4 that the EINO, is higher from non-swirling
jet than that from the swirling jet. This difference is slight when ¢ = 0.6
due to the low level of flame temperature. As increasing ®, the differ-
ence in EINO, becomes larger. As shown previously in Fig. 3(a) and
Fig. 3(b), the flame length of the swirling flame jet is much shorter than
that of the non-swirling flame jet. Thus, the swirling flame jet has a
much less residence time, which reduces the formation and eventual
emission of NO,. This effect has also been observed and reported in [16]
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Fig. 2a. Flame Photograph at Re; = 6500 with Air Swirling.
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Fig. 2b. Flame Photograph at Re, = 6500 without Air Swirling.
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Fig. 3a. Temperature Contour of Swirling Flame.

and [29].

It can also be seen from Fig. 4 that EINO, increases with the increase
in ®@. This is due to the increased flame length, and thus the prolonged
residence time. The maximum EINO, from the current swirling IDF is
1.6, which is lower than 2.5 from a partially premixed flame when ¢ =
1.0, as reported by Lyle et al. [28]. Mahesh et al. [27] reported a
maximum EINO, of 4.0 for their co-flowing IDF. Laurendeau [31] re-
ported a maximum EINO, of around 2.5 for their IDF in air-staged
burner, and Stansel et al. [32] reported a maximum EINO, of 2.8 from
an air-staged diffusion flame. Therefore, it can be seen that the current
swirling IDF can produces very low level of NO, emission, which makes
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Fig. 3b. Temperature Contour of Non-Swirling Flame.
it a desirable choice for impingement heating.
5. Flame structures of the impinging swirling IDF jet
The direct photos of the impinging swirling IDF jet are shown from

Figs. 5-7. As a comparison, the photos of the non-swirling impinging jets
are shown as well.
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Fig. 4. Comparison of EINOy with and without Air Swirling.

The flame shapes under different ¢ with and without air swirling are
shown from Fig. 5(a)-(h). The ¢ varies from 0.8 to 1.6, where generally
blue flame is produced for swirling IDF jet. The appearances of the
flames without air swirling are shown from Fig. 5(a)—(d), respectively. It
is observed that all the four flames are very luminous with yellow colour,
especially along the trajectories of each fuel jet. The less strong suction
produced by the central air jet results in an insufficient mixing of fuel
and air in the flame neck, leaving unmixed fuel to continue marching
downstream in a diffusion combustion mode, thus emitting more soot
than the regions between them. As increasing ¢, the flame becomes
longer, resulting in a direct impingement of the central cold air/fuel
mixture on the plate, which is dark due to the lack in chemical reaction,
as observed clearly in Fig. 5(c) and Fig. 5(d). As a comparison, the flame
appearances of the swirling IDF jet under the same operating conditions
are shown from Fig. 5(e)-(h), respectively. It is observed that the flames
are all blue under ¢ = 0.8 and ¢ = 1.2. When ¢ is increased to 1.4, a
slight and intermittent yellow soot emission is observed visually. When
¢ is further increased to 1.6, more soot is emitted on the top of the flame,
but the flame on the whole remains blue. Through the range of ¢, the
base flame, flame neck and the bottom part of the flame torch (the
recirculation zone) remains blue.

The flame appearances under different H/d, are shown From Fig. 6
(a)-(h), respectively. For the impinging swirling jet, H/d, is varied from
3, where the inner recirculating reaction zone impinges on the plate, to
9, where the outer flame (or the flame wings) impinges on the plate. As a
comparison, two photos of the flames without air swirling are shown in
Fig. 6(g) and (h). It is found from Fig. 3(a) that under small H/d, of 3, the
inner reaction zone directly contacts the impingement plate. When
gradually increasing H/d, to 5, it is observed from Fig. 6(c) that the tip of
the inner reaction zone is very close to the impingement plate. Further
increase in H/d, leads to a direct impingement of the outer flame on the
plate, as shown from Fig. 6(d)-(f). In contrast, the impinging non-
swirling flame jets are typical diffusion flames with bright yellow
colour except at the base of the flame close to the burner exit, as shown
in Fig. 6(g) and (h).

The effects of the Re, on the impinging flame appearances are shown
in Fig. 7. It is observed that the impinging flame jet is generally yellow
when Re, = 3000. The flame turns blue when increasing Re, to 5000
and further to 6500 due to the stronger suction of the air jet and the
enhanced fuel/air mixing.
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6. Local heat transfer characteristics

The radial distributions of the static wall pressure and the heat
transfer rate with the variations of ®, Re, and H/d, are shown from
Figs. 8-10. To facilitate the comparison with the static wall pressures
reported from literature, the static wall pressure, P, is normalized by
the atmospheric pressure, Py, as shown in the following diagrams.

6.1. Effects of @ on Py, and q

The variations of the wall pressure with the ® are shown in Fig. 8(a),
where @ is ranged from 0.8 to 1.82. It is observed from Fig. 8(a) that in
all the three conditions, the distribution lines are all characterized with a
low P, at the stagnation point, two symmetrical maximum P,, some
distance away from the stagnation point. This saddle-shaped trend line
corresponds to the recirculating flow zone. Visualization of the
impinging swirling isothermal jet by Huang et al. [13] showed that the
exiting spiral flow formed a continuous flow cone after discharged. They
also found that the location where the highest heat transfer rate occurs is
also the position which the jet flow cone impinges on. Outside and inside
the flow cone, flow mixing is reduced, leading to a decreased heat
transfer rate. In the present swirling flame jet, the flow cone corresponds
to the recirculating inner reaction zone. The maximum P,, occurs when
the flow cone, i.e., the boundary of the inner reaction zone, impinges on
the plate. The location of the peak P, is also the point where the
maximum axial velocity occurs in the jet when impinging on the plate.
The region inside the inner reaction zone is characterized by recircu-
lating flow. Therefore, the flow in the jet centre encounters the back-
ward flow when marching downstream, which thus reduces the axial jet
velocity before impinging on the plate. As a result, a minimum P,, is
obtained at the stagnation point. It is also observed from Fig. 8(a) that as
increasing @, the location where the maximum P,, occurs moves a little
inwards from r/d, = 2.3 under ¢y = 0.8 tor/d, = 1.3 under ¢ = 1.82. This
indicates a decrease in the cross-sectional area of the recirculating zone.
This is because the radial velocity of the air jet is decreasing faster as a
result of intensified mixing with more surrounding fuel under larger ®.
Further increase in the radial distance results in a rapid decrease in P,,
beyond the peak value.

The radial distributions of ¢ under different ® are shown in Fig. 8(b).
It is found that like the distribution trend of Py, ¢ also varies following
saddle-shaped trend line when ® is increased from 0.8 to 1.82. This
distribution trend is also found in the previous studies on swirling
isothermal jet [1,13]. ¢ reaches a minimum value at the stagnation
point. Then it increases gradually to a peak value some distance away.
After that, ¢ decreases monotonically with further increase in r/d,.
Further observation in Fig. 5(b) shows that the locations where the
maximum ¢ occur under ¢ = 0.8, p =1.4,and ¢ = 1.82 arer/d, = 2.3, 1/
d, = 2, and r/d, = 1.3, respectively. These locations coincide with those
where the peak P, occur, as shown in Fig. 8(a). In the inner reaction
zone, the flame temperature distribution line has a bell-shape, with the
maximum in the flame centre. Considering these two factors, it is clear
that the maximum ¢ occurs where the maximum P, occurs, i.e., the
location where the maximum axial velocity is achieved in the impinging
flame jet, rather than the stagnation point where the maximum flame
temperature is reached. This indicates that the high turbulence level in
the region around the peak P,, due to large impinging velocity dominates
the convective heat transfer rate. It is also observed from Fig. 8(b) that ¢
increases steadily as increasing ® from 0.8 to 1.4. This is mainly due to
the steady increase in flame temperature with increasing ®. On the other
hand, the value of P, i.e., the level of the turbulence, is also increased
from ¢ = 0.8 to ¢ = 1.4, as shown in Fig. 8(a). The maximum q is
achieved under ¢ = 1.4. This is the condition where the flame inner
reaction zone is just reaching the impingement plate, as shown in Fig. 6
(c), which is featured with high flame temperature and high jet
impingement velocity. It is also found from Fig. 8(b) that as further
increasing ® to 1.82, there is a little decrease in peak ¢ due to the
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Fig. 5. Photos of the Impinging IDFs with and without Air Swirling under Re, = 6500 and H/d, = 5. — (d): without Air Swirling. (e) — (h): with Air Swirling.

decrease in flame temperature associated with excess fuel supply and
incomplete combustion.

6.2. Effects of Req on py, and ¢

The variation of P, with Re, is shown in Fig. 9(a). It is again observed
that the swirling air flow results in a minimum P,, in the stagnation point
and two peak values some distance away under all Re, from 3000 to
6500. It is also observed that P, is increased gradually with the increase
in Req, which is more evident in the region of —2 < r/d,; < 2. This is the
result of the increased air jet velocity. When Re, is increased from 3000
to5000, P, is generally increased all the way with the increase in
Regexcept under Re, = 6500, where P, drops sharply from the peak
value and reaches zero at around r/d,==5, indicating an early occur-
rence of the wall jet flow.

The radial distributions of ¢ when Re, is increased from 3000 to 6500
are shown in Fig. 9(b). It is observed that ¢ increases monotonically with
increasingRe, from 3000 to 5000 due to the increased air jet velocity and
turbulence level. Then q starts to decrease when Re, is further increased
to 6500. This is resulted from the decreased flame temperature because
of the dilution of the excess cold entrained air. Therefore, we can
conclude that the enhanced heat transfer occurs when the jet velocity or

the turbulence level is high, or a nearly stoichiometric combustion is
reached before impingement. In comparison, unlike the impinging flame
jet, a monotonic increase in local Nusselt number with increase in Re in
the impinging swirling isothermal air jet has been found [1], where the
turbulence effect is dominant due to the absence of chemical reaction.

The variation of the radial ¢ with Re, for non-swirling flame jet is
shown in Fig. 9(c). It is observed that under all the four conditions, the
distribution lines are also saddle-shaped, similar to those with swirling
flame jets. However, this is due to different reason. The lower level of ¢
around the stagnation point is due to the presence of the cold central air.
Thanks to the much weakened mixing of air and surrounding fuel jets
with the absence of the swirling flow, the flame temperature in the
centre is lower than the peak value some distance away. As a result, the
heat flux at the stagnation point comes as a minimum despite the high
impinging velocity and turbulence level in the stagnation region. It is
also observed from Fig. 9(c) that in the region between the two peak ¢, ¢
is generally increased with the decrease in Re,. This is the result of the
stronger influence of the cold central air jet under higher Re,. The peak q
occurs where combustion takes place, which leads to increased flame
temperature and enhanced heat flux. Beyond that, the heat flux starts to
decrease as the deflected flame jet spreads further outwards along the
plate. In the meantime, it is also observed that ¢ is increased with
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) H/d, =9

Fig. 6. Photos of the Impinging IDFs under Re, = 5000 and ® = 1.4. — (f): with Air Swirling. (g) — (h): without Air Swirling.

increasing Re,. This is due to the increased flame temperature and tur-
bulence level.

6.3. Effects of H/d, on P, and q

The variations of Py, and ¢ with H/d, under Re, = 5000 are shown
from Fig. 10(a)-(c), respectively, while Fig. 10(d) and (e) present the
distributions of P, and ¢ when H/d, is increased from 3 to 9 under Re, =
6500.

The radial distributions of P, under different H/d, in the swirling
flame jet are shown in Fig. 10(a). The selected H/d, are 3, 5, and 9,
representing small, moderate and large distances. For comparison, the
radial distributions of Py, when there is no air swirling are shown in
Fig. 10(b). It is observed from Fig. 10(a) that P,, decreases steadily with
the increase in H/d,. This is because the impinging flame jet entrains the

surrounding air all the way before it reaches the plate, which reduces the
jet momentum and jet velocity. On the other hand, the locations where
the peak Py, occur moves outwards as increasing H/d, from around r/
d,=41.0 under H/d, = 3 to around r/d,==+2.3 under H/d, = 9. This is
because that the longer travelling distance of the jet before impingement
allows the recirculation flow cone to expand radially along the way,
resulting in the outward displacement of the peak P,y, which is coinci-
dent with the location where the recirculating flow cone impinges on the
plate.

For the non-swirling impinging flame jet, the distribution trend line
of Py, is bell-shaped, as shown in Fig. 10(b). P,, increases monotonically
with the increase in H/d, in the stagnation region. Then it decreases
rapidly to nearly zero some distance away from the stagnation point in
the region of —2 <r/d, < —1and 1 <r/d, < 2. It is also observed that P,
decreases faster under higher H/d,. P, reaches almost zero at around r/



L.L. Dong et al.

(a) Re, =3000

(b) Re, =5000

(¢) Re, =6500

Fig. 7. Photos of the Impinging IDFs under ¢ = 1.4, H/d, =5

d,=+1.2 under H/d, = 3, while this occurs at around r/d,==+1.4 under
H/d, = 5, and r/d;=+1.8 under H/d, = 9. This indicates a delayed
occurrence of the wall jet region and accordingly a larger impingement
region under higher H/d,, which can exert influence on the heat transfer
rate.

It can be seen from Fig. 10(b) that the maximum P,/P, for non-
swirling flame jet decreases from 1.038 under H/d, = 3 to 1.006 when
H/d, =9. As a comparison, Markal [26] reported that the maximum P,/
P, decreases from 1.012 under H/d, = 0.5 to 1.006 under H/d, = 2.5 for
impinging air jet. The difference could be due to different air flow rate
and burner type.

The variation of the radial distribution of ¢ when H/d, is increased
from 3 to 9 is shown in Fig. 10(c). It is observed that under small H/d, of
3, g is generally low due to the direct impingement of the inner reaction
zone, as shown in Fig. 6(a). The cold impingement plate quenches the
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Fig. 8. Effects of the ® on ¢ and P,

flame, resulting in an incomplete combustion close to the plate and the
reduced flame temperature. Therefore, although the impinging jet ve-
locity and the turbulence level is high in this case, the heat transfer rate
still comes with a low level due to the reduced flame temperature
associated with the incomplete combustion. As H/d, is increased to 5, it
is the high-temperature, freshly combusted gas that directly impinges on
the plate. As a result, the enhanced flame temperature increases the heat
transfer rate. As further increasing H/d,, the flame temperature de-
creases gradually due to the entrainment of the cold ambient air, giving
rise to decrease in g.

The variations of the radial P,, and ¢ with H/d, under Re, = 6500 are
shown in Fig. 10(d) and (e), respectively. In general, a similar distri-
bution trend is found as that under Re, = 5000. It is observed from
Fig. 10(d) that the peak Py, is higher than that under Re, = 5000 given
the same H/d,, as shown in Fig. 10(a), indicating an increased impinging
velocity and turbulence level. In the meantime, it is observed from
Fig. 10(d) that the peak ¢ comes lower than that under Re, = 5000. This
is due to the decreased flame temperature despite the enhanced turbu-
lence level, as discussed before.
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6.4. Effects of air swirling onq

To understand well the effects of air swirling on the heat transfer
performance, the comparisons of the radial distributions of ¢ from the
impinging flame jets in the cases with and without air swirling are
shown in Fig. 11. The comparisons are made under four Re, ranging
from 3000 to 6500. Due to the different flame structures and lengths of
the impinging jets with and without air swirling, it is of less point to
make a comparison under the same H/d,. Therefore, the comparison of
the local heat transfer distribution is made under the H/d, where each
maximized q is achieved in the two cases. The experiments show that
these two H/d, are 5 and 9 for the impinging jets with and without air
swirling under Re, = 5000 and ¢ = 1.4, respectively. For convenience,
the ¢ under the other three Re, are also compared under these two H/d,.

It is observed from Fig. 11(a) that under Re, = 3000, the highest q is
occurred in the non-swirling flame jet when H/d, = 9, while the lowest ¢
is from the swirling flame jet under the same H/d,. The introduction of
the air swirling shows no heat transfer enhancement under this Re,. This
is attributed to insufficient swirling intensity associated with low Re,.
This under-swirling condition, i.e., when the swirling level is not high
enough to give rise to stronger and thorough fuel/air mixing, leaves the
flame to continue to be yellow to a large extent, as previously shown in
Fig. 7(a). The incomplete combustion results in reduced flame temper-
ature and thus the low level of ¢. The flame length of the swirling jet is
much shorter than that of the non-swirling jet. Therefore, the g from the
swirling jet decreases significantly under larger H/d, of 9 due to the
reduced flame temperature. In the meantime, unlike the other cases, the

g varies following a bell-shaped line for the swirling jet under H/d, = 9.
This indicates that the influence of the swirling flow has died out in this
location.

When Re, is increased to 4000, the similar comparisons are made, as
shown in Fig. 11(b). It is observed that the highest ¢ comes from both the
swirling jet under H/d, = 5 and the non-swirling jet under H/d, = 9. The
increased jet exiting velocity enhances the influence of the swirling flow
and thus promotes the fuel/air mixing, giving rise to a more complete
combustion than that under lower H/d,. It is also observed that like the
other three cases, the ¢ from the swirling jet under H/d, = 9 varies
following a saddle-shaped trend line. This indicates the increased in-
fluence of the swirling flow cone. When Re, is further increased to 5000,
it is observed from Fig. 11(c) that the highest g occurs in the swirling jet
under H/d, = 5. Moreover, the local heat transfer rate under this con-
dition comes higher all along the radial distance than that from the non-
swirling jet under H/d, = 9, where the maximized heat transfer rate
occurs for non-swirling jet. This heat transfer enhancement in the
swirling jet is due to the augmented flame temperature associated with
nearly stoichiometric combustion in the reaction zone, as discussed
before. When Re, is further increased to 6500, it is observed that the
swirling flame jet produces lower heat transfer rate than non-swirling
flame jet. This is due to the reduced flame temperature caused by
dilution of the cold entrained ambient air, as the result of over-swirling
with too high swirling level. Therefore, so far it is clear that the effect of
air swirling on the heat transfer performance of the impinging IDF jet is
depending on Re,. Under low Re, such as 3000, poor fuel/air mixing in
the IDF jet requires higher level of swirling flow to enhance the mixing
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to achieve blue appearance and complete combustion. Insufficient 7. Conclusions
swirling intensity is not able to change flame structure from a yellow
diffusion flame to a blue premixed one due to insufficient fuel/air (1) Introduction of Air Swirling enhances fuel/air mixing in the IDF
mixing. Relatively lower level of swirling flow is required when Re, jet via the formation of recirculation zone close to the flame base.
reaches as high as 6500. This is because fuel/air mixing is self-enhanced Appropriate level of swirling intensity can change the structure of
by the high air jet velocity. As a result, less higher swirling level is the IDF from a yellow diffusion flame to a blue premixed one.
required to achieve a complete combustion around the stoichiometric (2) The distribution of Py, follows a saddle-shaped trend line due to
condition. In short, by appropriately adjusting the value of the swirl the presence of the recirculation zone inside the flow cone. This
intensity in response to different Re,, heat transfer enhancement by flow characteristics results in a similar saddle-shaped trend line
introduction of air swirling can be achieved. for the radial distribution of g despite the bell-shaped variation of

the flame temperature in the centre of the inner reaction zone.

10



L.L. Dong et al.

(3)

(4

-

G))

H/d =5, with
220 Re,=3000 ©— arr Swirling
200 y H/d_=5, withou

Air §wirling

= Hid =9, with
Air §wirling

Hid =9, withou

= Air §wirling

4 (kW/m?)

9-8-76-5-4-3-2-101

rid,
(a) Req = 3000

HId =5, with
Air 8wirling

_e_
_._

240F Re,=4000

=14

H/d_=5, without
Air §wirling

Hid.=9, with
—H&— Air 8wirling

e H/d_=9, without
—&— Air Swirling

q (kW/m?)

-40

9 -8-7-6-54-32-10 1

rid

(b) Re, = 4000

Experimental Thermal and Fluid Science 128 (2021) 110438

320
300
280 F
260
240 F
220
200
180 F
160
140
120
100

Re,=5000

—©— HIds=5, with
Air 8wirling

® H/d_=5, without
Air gwirling

0=1.4
H/d =9, with
—8—air §wirmg

H/d_=9, without
= Air §wirling

q (kW/m?)

9 8-76-5-43-2-10 1

rid,
(c) Req = 5000

o
o

2 34567

H/d =5, with
Air §wirling

& H/d_=5, without
Air &wirling

Re,=6500

0=1.4 5 H/d.=9, with
Airgwirl‘i’vr:g

- H/d_=9, without
Air swirling

4 (kW/m?)

10-9 -8 -7 65 -4-3-2-10 1

rld,
(d) Rey = 6500

Fig. 11. Comparisons of the Radial Heat Flux Distributions in the Flame Jets with and without Air Swirling

The optimal heat transfer performance with the maximized q is
obtained when two conditions are met. First, the impingement
plate is placed in such a position that the tip of the flame inner
reaction zone just touches the plate. Second, the combustion in
the inner reaction zone occurs under a nearly stoichiometric
condition where the maximum flame temperature is achieved.
Introduction of air swirling can either enhance or reduce the heat
transfer rate depending on the specific impingement configura-
tion. Insufficient swirling under low Re, of 3000 cannot change
the yellow diffusion flame structure to a blue premixed one and
produce no evident enhancement in heat transfer rate. Over-
swirling under high Re, of 6500 entrains more ambient air and
gives rise to a reduction in flame temperature and heat transfer
rate. An enhancement in heat transfer rate is only achieved under
an appropriate swirling level when a complete combustion
around a stoichiometric condition occurs.

By introducing inverse diffusion flame and air swirling, a blue
premixed flame torch above the flame neck can be achieved.
Therefore, it possesses the advantages of a premixed flame jet
with intense heat release rate, high flame temperature, less or no
soot emission, and ultra-low NO, emission. The heat transfer rate
is enhanced comparing to non-swirling flame jet as a result of the
premixed combustion mode. In the meantime, this flame is a
diffusion flame in nature with no danger of flashback. The flame
neck in its unique flame structure is able to self-stabilize the
premixed flame torch under large Re, in the fully turbulent flow

11

region. These characteristics give it extra advantages than a
premixed flame jet. Therefore, the present experimental study
shows that an impinging IDF jet with appropriate level of air
swirling is a desirable option for impingement heating.
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