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Abstract

This paper is the second part of the experimental study on exploring the feasibility of inverse diffusion flame (IDF) for impingement
heating. The structures and heat transfer characteristics of an impinging IDF jet have been studied. Four types of impinging flame struc-
ture have been identified and reported. The distributions of the wall static pressure are measured and presented. The influences of the
global equivalence ratio (¢), the Reynolds number of the air jet (Re,;;), and the non-dimensional burner-to-plate distance (H/d,;;), on
the flame structure, and the local and averaged heat transfer characteristics, are reported and discussed. The highest heat transfer occurs
when the tip of the flame inner reaction zone impinges on the plate. The heat transfer rate from the impinging IDF is found to be higher
than that in the premixed flame jet due to the augmented turbulence level originated from the flame neck. This high heat transfer rate,
together with its in-born advantage of no danger of flashback and low level of nitrogen oxides emission, demonstrates the blue, dual-

structured, triple-layered IDF is a desirable alternative for impingement heating.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Flame impingement heating has been widely used in
domestic and industrial applications due to the high local-
ized convective heat transfer rate. Lot of studies have been
carried out to understand the full picture of the character-
istics of the flame impingement system, ranging from the
flow and flame structure [1-5], the heat transfer character-
istics [6-11], to the pollutants emission characteristics
[12-15]. Premixed or partially premixed flame has been
chosen as the impinging flame in most previous investiga-
tions due to the high flame temperature and less or no soot
emission [16-21]. On the other hand, premixed or partially
premixed flame has safety and stability concerns because of
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the possibility of flashback and liability to blow off. In an
attempt to address these concerns, the present investigation
is motivated to explore the feasibility of the inverse diffu-
sion flame (IDF) for impingement heating, as an alterna-
tive alongside with premixed or partially premixed flame
jets. The first part of this investigation has dealt with the
flame structures of the free IDF. It is found that the blue
dual-structured, triple-layered IDF has a premixed flame
structure in the torch flame beyond the flame neck. The
flame neck acts as a mixer of the fuel and air, and it
anchors the premixed torch flame beyond it. This unique
flame structure provides the IDF with good self-stabilizing
capability. The IDF is able to maintain stable until Re,;,
reaches 8000. In comparison, the premixed flame or par-
tially premixed flame normally cannot stabilize without
external help when the flame becomes turbulent when Rey-
nolds number exceeds 2000. This premixed flame structure,
good self-stabilizing capability, together with the inborn
characteristics of no danger of flashback, makes the IDF
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Nomenclature

d diameter (m)
H distance between the nozzle and the impinge-
ment plate (m)

P static wall pressure (Pa)

q heat flux density (W/m?)

r radial distance from stagnation point (m)
Re Reynolds number (= uairdair /Vair)

T temperature (K)

u gas velocity (m/s)

Greek symbols
v kinematic viscosity (m?/s)

@ equivalence ratio (= (stoichiometric air/fuel vol-
ume ratio)/(actual air/fuel volume ratio))

Superscript
- averaged value

Subscripts

air air jet

f flame jet

max  maximum value

p impingement plate

s the stagnation point

a desirable option for impingement heating. This paper is
the second part of the investigation on exploring the feasi-
bility of impinging IDF for impingement heating. The local
and averaged heat transfer characteristics of the impinging
IDF have been studied and reported. The influences of ¢,
Re,,, and H/d,;; on the impinging flame structure and
impingement heat transfer have been discussed.

2. Experimental setup and methods

The Experimental setup is shown schematically in Fig. 1.
The details of the IDF burner has been introduced in the
first part of this paper and will not be repeated. In this part,
the additional experimental setup, i.e., the heat absorption
system, will be introduced. 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 was 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, mea-
surements are only made after the steady-state condition
had been established again and the exit temperature 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 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 horizontally. A single pressure tap
of 1 mm diameter was drilled through the copper plate at
its center. The radial pressure distributions along the plate
are obtained by moving the three-dimensional burner posi-
tioner 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.
Experiments are designed and carried out to study the
flame structure and heat transfer characteristics of the
impinging IDFs under the respective influences of Re,;,
H/d,, and ¢. Re, is selected to range from 3000 to
8000, where a dual-structure triple-layer IDF is formed
with or without yellow soot neck. H/d,; stretches from
1.5 to 16.5 covering different impinging flame structures
from potential core impingement to post-flame impinge-
ment. ¢ is chosen extending from fuel-lean condition
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Fig. 1. Schematic of the IDF impingement setup.
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(@ =0.8) to fuel-rich condition (® = 2.1). Both local and
averaged heat fluxes are measured and reported.

The experimental uncertainty analysis is performed with
the method of Kline and McClintock [22]. With 95% con-
fidence level, the minimum and maximum uncertainties in
the flame temperature measurements are 2.6% and 10.4%,
respectively. The uncertainty of the heat flux measurement
ranges between 1.1% and 8.2%, respectively. The minimum
and maximum uncertainties of CO measurement are 2.1%
and 9.5%, respectively. The uncertainty of the NO mea-
surement covers from 2.3% to 12.3%, respectively. The
minimum uncertainties of CO, and O, are 1.1% and
1.3%, respectively, while their maximum uncertainties are
8.3% and 9.2%, respectively.

3. Shape and structure of an impinging IDF

For a given configuration of flame impingement system,
it has been found the characteristics of the system is mainly
dependent of the global equivalence ratio, ¢, the non-
dimensional nozzle-to-plate distance, H/d,;;, and the dis-
charging velocity of the air jet, Re,;.. Therefore, the present
experimental study concentrates on the influences of these
three factors on the flame structures and heat transfer char-
acteristics of the impinging IDF, which will be discussed in
detail in the following.

The direct flame photos under different H/d,;,, ¢, and
Re,;, are shown from Figs. 2-4, respectively. It is observed
from Fig. 2 that under smaller H/d,; of 3, both the inner
reaction cone and the outer diffusion flame impinge on
the plate, with a perceptible circular hole in the center. This
circular central hole is found to be very cool and composed
of the unreacted gas mixture. Both the inner reaction zone
and the outer diffusion flame spread outwards radially
along the plate after impingement, forming wall jet flame.
It is found from Fig. 2a that the IDF covering the plate
is characterized by three concentric circles. They are
formed respectively by the unreacted gas in the center,
the reaction zone in the middle, and the diffusion layer in
the outmost. It is reasonable to predict that the sharp var-
iation of the T} in these three rings results in a considerably
non-uniform distribution of heat flux along the plate.
When increasing the H/d,;,, the radius of these flame rings
all decrease accordingly, as shown in Fig. 2b. When the
H/d,;, is large enough, the inner cone tip just impinges on
the plate. When further increasing H/d,;,, it is the outer dif-
fusion flame that impinges on the plate, forming a circular
flame adjacent to the plate, with no flame rings covering the
plate any more, as shown in Fig. 2c.

The influence of the ¢ on the flame shape is shown in
Fig. 3. It is observed that under fuel-lean condition, i.e.,
@ = 0.8, the tip of the inner reaction zone is truncated with
no perceptible outer diffusion layer. This is because the fuel
has been consumed along the way before forming the tip.
When ¢ is increased to 1.0, a closed reaction zone starts
to appear. It can also be observed that as increasing ¢,
the inner reaction cone becomes longer and thicker, with

(a) H/d,, =3

air

(by H/d, =6

air

(c)H/d, =11

Fig. 2. Photos of impinging IDF under Re,;, = 8000, ¢ = 1.8.

increasing in the length of the inner cone tip as well. The
area of the plate covered by the impinging flame is also
increased with increasing the ¢ due to the prolonged flame
length.

The flame shapes under different Re,;, is shown in Fig. 4.
When Re,;; = 3000, the flame is yellow in the flame neck
and part of the flame tip, indicating soot formation due
to incomplete fuel/air mixing. In this case, the velocity of
the air jet is not large enough to create stronger suction
to produce deeper penetration length of the impinging fuel
jets. Thus, the fuel/air mixing in the flame neck is insuffi-
cient, leading to a fuel-rich zone in the fuel side of the flame
neck. Therefore, a yellow outer soot ring is formed. The
soot emission in the top diffusion layer also indicates the
fuel-rich condition in this region. As increasing the Re,;,
to 4000, the flame above the neck is blue. Only a much
weakened soot ring is still there in the flame neck, indicat-
ing the enhanced fuel/air mixing in the flame neck and
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(a) ®=0.8

(b) ®=1.4

©) ®=1.0

d) ®=16

Fig. 3. Photos of IDF under Re,j. = 8000, H/d,;, = 11.

beyond. When further increasing the Re,;. to 5000, it is
observed that the yellow neck soot ring disappears com-
pletely and the flame becomes all blue. On the other hand,
it is also observed that the lengths of the inner reaction
zone and the outer diffusion layer increase with increasing
Re,;, with the inner cone tip closer to the impingement
plate and more area of the plate covered by the deflected
flame. The inner cone also becomes thicker and the inner
cone tip becomes longer as increasing Re,;. due to increased
turbulence.

In summary, four types of impinging IDF have been
identified corresponding to the different part of the flame
impinging on the plate in the stagnation point. These are

impingement of the open inner reaction zone, which is
formed with or without the influence of the plate, the
impingement of the tip of the inner reaction zone and the
impingement of the post-flame zone. These four flame
structures are shown schematically in Fig. 5. It is shown
in Fig. 5 that the mixing of the fuel and air is mainly caused
by the suction, together with entrainment of the surround-
ing air. Fig. 5a represents the structure of the IDF under
small H/d,;, where the inner cone is forced to open due
to the plate, as shown previously in Fig. 2a and b.
Fig. 5b and c represents the flame structures with impinge-
ment of inner cone tip and post-flame zone, respectively.
Fig. 5d represents the flame under fuel-lean condition
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Fig. 4. Photos of IDF under ¢ = 1.4, H/d,;, =9.

where the inner cone is open before the impingement, as
shown in Fig. 3a. Different flame structure results in differ-
ent heat transfer performance, as to be discussed in the
following.

4. Wall pressure distribution

The static wall pressure distribution is closely related to
the hydrodynamic characteristics of the impinging IDF.
Here we put the emphasis on the stagnation point static
pressure because it is the location where the velocity is fully
arrested. The effects of H/d,;; and ¢ on the wall static pres-
sure distributions are discussed, respectively.

4.1. Effects of Hld,,

The variations of the wall static pressure distributions
under different H/d,;. are shown in Fig. 6. The H/d,;, varies
from a very low level of 1.5 to a high value of 16.5, result-
ing in different pressure distribution patterns. The discus-
sion is presented on two separate regions, i.e., the region
around the stagnation point of —1.0 <r/d,; < 1.0, where

the pressure gradient is very large, and the region beyond
it where the pressure variation is rather flat. It is observed
that in the region of —1.0 < r/d,;. < 1.0, the pressure distri-
butions under H/d,;, = 1.5 and H/d,;; = 3 are very similar
in shape and quantity. The pressure at the stagnation point
is as high as 380 Pa. Then it decreases sharply to below
60 Pa at around r/d,;, = 1.0. The rapid decrease in the wall
pressure indicates the fast acceleration in the radial spread-
ing velocity. The similar pressure level at the stagnation
point in these two cases suggests the similar velocity when
impinging on the plate. This indicates that it is the flow in
the potential core that directly impinges on the plate under
these two conditions, because in the potential core region,
the flow velocity is kept constant as the jet exit velocity.
When the H/d,;, increases to 4.5, the stagnation point pres-
sure decreases dramatically due to the declining in the
impinging velocity. Thus, we can conclude the potential
core length of the impinging IDF is located between 3.0d,;,
and 4.5d,;.. The stagnation point pressure decreases gradu-
ally with increase in H/d,;, until H/d,;, = 13.5, where the
pressure level is very low of around 10 Pa. When H/d,;, is
further increased to 16.5, only slight decrease in stagnation
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Fig. 5. Mapping of the structures of impinging IDFs.

point is observed. This low level of P; when H/d,;. > 13.5
corresponds to the low level of impinging velocity due to
the longer traveling distance of the IDF before impinging
on the plate. The low level of velocity indicates that the
effect of the jet exiting velocity on the heat transfer at the
stagnation point could be too small to be neglected. It is
also observed from Fig. 6 that the pressure gradient at
the stagnation point is considerably large under small H/
dqir below 3.0. After that, the pressure gradient decreases
gradually with increase in the H/d,, until H/d,. =7.5,
where the gradient at the stagnation point disappears.
Instead, a pressure plateau appears in the region of

—0.6 < r/d,;; <0.6. This variation of the pressure distribu-
tion pattern is due to the different flame structure. It is
observed that, when H/d,;. <7.5, the cool gas inside the
inner reaction zone impinges on the plate around the stag-
nation point. Under H/d,;, = 7.5, the inner cone tip just
reaches the plate. The chemical reaction occurs in the
region of —0.6 <r/d,; < 0.6, where the intense heat release
decreases the flame gas density. This density reduction off-
sets the flow acceleration in the radial direction in this
region, and thus keeps the static pressure constant accord-
ing to the Bernoulli’s equation. When further increasing
H/d,;, to a height where the post-flame zone impinges on
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Fig. 6. Variations of the static pressure with H/d,,.

the plate, the gradual decrease in the wall pressure from the
stagnation point is observed again, as shown in Fig. 6 due
to the difference in the flame temperature and density in the
radial direction.

When r/d,;, > 1.0, the wall pressure continues to
decrease at different paces under H/d,;; <7.5 until r/d;,
reaches around 1.3. After that, the wall pressure decreases
with decreasing in the H/d,;.. This smaller wall pressure
under smaller H/d,;, indicates a larger radial velocity. This
increase in wall pressure with increasing H/d,;, in not found
when H/d,; > 7.5 when the post-flame zone impinges on
the stagnation point. Conversely, the wall pressure starts
to decrease with increasing H/d,;.. This is due to the
decrease in the stagnation point wall pressure with increas-
ing H/d,,. It can also be observed from Fig. 6 that the
length of the impingement region, which extends from
the stagnation point to where the wall pressure becomes
zero, firstly increases from r/d,;, = 1.8 to r/d,;, = 4.2 with
increasing H/d,;, from 1.5 to 7.5. Then it decreases to
r/d, = 1.7 with further increasing in H/d,;, to 16.5.

4.2. Effects of the ¢

The influence of the ¢ on the static wall pressure distri-
bution under Re,, = 6500 and H/d,; =9 is shown in
Fig. 7. It is observed that under ® =1.4 and ¢ =1.61,
the tip of the inner reaction zone just impinges on the plate.
It is found from Fig. 7 that in the region near the stagna-
tion point of —0.6 < r/d,;, < 0.6, the wall pressure decreases
with increasing ¢ from 0.8 to 1.4. The pressure gradient
becomes smaller with increasing ¢. The decrease in the P;
indicates the decreasing impinging velocity, i.e., the air jet
exit velocity decreases faster under the larger ¢ given the
same traveling distance, i.e., the H/d,;. This is because
more fuel is sucked and impinges on the air jet under larger
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Fig. 7. Variations of the static pressure with @.

¢, which thus reduces the air jet velocity because more
dynamic energy is dissipated by mixing with the fuel jets.
The pressure gradient comes larger with smaller ¢, indicat-
ing a faster acceleration of the radial flow after impinge-
ment. When the ¢ further increases from 1.4 to 1.61, the
wall pressure in the region is in the similar level. When
the r/d,;, is greater than 1.0, it is observed that the pressure
comes lowest under @ =0.8. The difference in the wall
pressure is unidentifiable when increasing ¢ from 1.0 to
1.4. Although the difference in wall pressure in the region
around the stagnation point is very small between
® = 1.4 and @ = 1.61, the wall pressure comes larger under
® = 1.61 than that under @ = 1.4 in the other regions. It is
found that the impingement region increases generally with
increase in ¢ ranging from r/d,;; = 2.7 under @ = 0.8 to
r/dy; = 3.5 under @ = 1.61.

5. Local heat transfer characteristics

The radial heat flux distributions under different H/d,;,,
¢ and Re,;; are discussed respectively. The emphasis is put
on the variations of the stagnation point heat flux, the max-
imum heat flux, and the distributions in the impingement
region and the wall jet region, respectively.

5.1. Effects of Hld,;,

The heat flux distributions under a wide range of H/d,;,
from 1.5 to 16.5 are presented in Fig. 8. The measurements
are carried out under four Re,; of 3000, 4000, 5000 and
8000, respectively. The ¢ is selected to be 1.4 in all the four
cases because it is found to be able to produce the highest
levels of local and average heat fluxes.

It is found from Fig. 8a that the heat flux varies differ-
ently under different H/d,;.. Generally, two heat flux distri-
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Fig. 8b. Variations of heat flux with H/d,;, under Re,;; = 4000.

bution patterns are found. When H/d,;, is lower than 6, a
cool central core of low heat flux region is found, with
the heat flux at the stagnation point being the lowest and
the maximum heat flux shifted some distance away. Thus
the heat flux distribution is featured with two maximum
heat flux points and one minimum heat flux point. When
H]d,;, reaches 6 and beyond, the heat flux generally varies
following a bell-shaped curve, with the stagnation point
heat flux being the peak value.

When H/d,;, is lower than 6, it is found from Fig. 8a that
the g, increases with increasing H/d,;.. This is due to the
increased temperature of the flame that contacts the plate.
It is also observed that g, is negative when H/d,;, is lower
than 3.0, indicating an adverse heat transfer form plate
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Fig. 8c. Variations of heat flux with H/d,;, under Re,;, = 5000.
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Fig. 8d. Variations of heat flux with H/d,;, under Re,;, = 8000.

to the flame. This is due to the direct impingement of the
cold unreacted gas with the temperature lower than that
of the plate. The stagnation point heat flux reaches the
peak value when H/d,;; is increased to 6.0 where the inner
cone tip just impinges on the plate. Then the g, decreases
gradually when further increasing H/d,;. to 10.5. The g
remains almost unchanged when H/d,;, is further increased
to 16.5. Under the current experimental conditions, there
are three factors that could possibly affect the heat transfer
from the flame to the plate, i.e., the T}, the impinging veloc-
ity and the heat release from chemical reaction. The mea-
surements show that the 77 remains a constant high level
from the reaction zone to the post-flame zone at
H/d,;. = 20. Therefore, the influence of T} can be negligible
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in the present conditions. Note that when H/d,;, is larger
than 6, it is the post-flame zone that impinges on the plate,
although there is still exothermic reaction being taking
place, like the complete oxidation of CO to CO,, the heat
release rate is far less than that in the inner reaction zone.
Thus, the augmentation of heat release in heat transfer can
be reasonably neglected. As a result, in the range of
H/d,;. > 6, only one major factor is left affecting the heat
transfer rate, i.e., the impinging velocity. The enhancement
of g, under H/d,;; = 6 is contributed by two factors, i.e., the
extra heat released from the reaction and the high level of
impinging velocity or the convective heat transfer coeffi-
cient. We have already known that the P, decreases mono-
tonically in the post-flame impingement conditions. This
suggests a steadily decrease in the impinging velocity,
which lowers the convective heat transfer coefficient and
thus the heat transfer rate. When H/d,; is exceeding
around 11, the P becomes very small. These are the condi-
tions where the influence of the air jet velocity is almost
unfelt. Thus, the heat transfer rate is only dependent of
the flame temperature. Therefore, the ¢, under H/d,;, =
13.5 and H/d,;, = 16.5 are the same, as shown in Fig. 8a.

It is also observed from Fig. 8a that maximum heat flux
also increases with increase in the H/d,;, till the maximum
value achieved under H/d,;, = 6.0. The location of the max-
imum heat flux lies further away from the stagnation point
when decreasing H/d,;, from 6.0 to 1.5. The maximum heat
flux occurs where the flame temperature is high with occur-
rence of chemical reaction. The further the location of the
maximum heat flux, the larger the cool central heat flux
core. The radial flow is accelerated more rapidly under
small H/d,;, as discussed with Fig. 9, which pushes the
location of the reaction zone, or the maximum heat flux,
further away.
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Fig. 9a. Variations of heat flux with @ under Re,;, = 3000, H/d,;. = 6.
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Fig. 9b. Variations of heat flux with @ under Re,;, = 4000, H/d,;, = 7.5.
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Fig. 9c. Variations of heat flux with @ under Re,;, = 5000, H/d,; = 9.

It is found from Fig. 8a that in the area of r/d,; < 2.0,
which is approximately the impingement zone, the local
heat flux first increases monotonically with increasing
H/d;, till H/d,;; = 6.0. Then the heat flux decreases gradu-
ally with further increase in H/d,, till H/d, = 13.5.
Beyond this, no clear decrease in heat flux is found when
HJ/d,;, is further increased to 16.5. This variation trend is
similar to that of stagnation point heat flux, as discussed
in the above. The local heat fluxes under different H/d,;,
continues to decrease when r/d,; > 2.0, following each
trend line which is evidently intertwined until r/d,;. = 3.0.
Beyond that, the difference in the local heat flux under dif-
ferent H/d,;, is not that large as in the impingement zone.
In general, the heat flux increases slightly with the decrease
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Fig. 9d. Variations of heat flux with @ under Re,;; = 6500, H/d,; = 9.
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Fig. 9e. Variations of heat flux with @ under Re,;, = 8000, H/d,;, = 11.

in H/d,;, although this slight increase cannot be clearly
identified in some cases.

The variations of the local heat flux with H/d,;. under
Re,; of 4000 and 5000 with @ = 1.4, are shown in Figs.
8b and 8c, respectively. Fig. 8d presents the variations
under higher ¢ of 1.8 and Re,;, of 8000. It can be observed
that the distribution characteristics is similar to that dis-
cussed under Re,;, = 3000. Under all these three condi-
tions, the heat flux distribution is characterized with the
cool central core when the unreacted gas inside the inner
reaction cone impinges directly on the plate. The stagna-
tion point heat flux and the maximum heat flux increase
firstly with the increase in H/d,;, till when the tip of the
inner reaction zone impinges on the plate. Then they
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Fig. 9f. Variations of heat flux with @ under Re,;, = 5000, H/d,;. = 3.
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Fig. 9g. Variations of heat flux with @ under Re,;, = 6500, H/d,;, = 3.

decrease with further increase in the H/d,;,, until a constant
level is achieved under larger H/d,;,. of above 11. The value
of the H/d,;, where the maximum heat flux is reached is 7.5,
9, and 9, respectively corresponding to each Re,;,. of 4000,
5000 and 8000. By comparing Fig. 8d to the other three pic-
tures, it is observed that under larger ¢ of 1.8, the heat flux
decreases more slowly than that under smaller ¢ of 1.4,
especially in the wall jet region due to longer flame length.

5.2. Effects of the ¢

The variations of the heat flux distribution with ¢ under
different H/d,;; and Re,;. are shown in Figs. 9a and 9h,
respectively. The local heat flux distributions under H/d,;,
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Fig. 9h. Variations of heat flux with @ under Re,;, = 8000, H/d,;. = 3.

where the tip of the inner reaction zone impinges on the
plate, are presented from Figs. 9a-9d under Re,; of
3000, 4000, 5000 and 6500, respectively. The heat flux var-
iation trend when the post-flame zone impinges on the
plate is shown in Fig. 9¢, while the heat flux distributions
under smaller H/d,;, of 3.0 when the cold unreacted gas
inside the inner reaction cone impinges on the plate, are
shown from Figs. 9f-9h, respectively. ¢ is selected to range
from fuel-lean condition when @ = 0.8 to fuel-rich condi-
tion when @ = 2.12, covering blue IDF and the IDF with
yellow tip and neck.

It is observed from Fig. 9a that when & < 1.2, the heat
flux variation trend line is featured with two apexes located
away from the stagnation point with the stagnation point
heat flux coming lowest between them. The coincidence
of the maximum heat flux point and the stagnation point
starts to occur when @ > 1.4. The location of the maxi-
mum heat flux corresponds to the position where chemical
reaction occurs. This is the result of the impingement of an
open-tip IDF. When @ < 1.0, the IDF is found to be open
in the tip before impingement, leaving the reaction layer
away from the stagnation point. According to the measure-
ment, the reaction cone tip in the free IDF in the same
experimental condition is only visibly open under fuel-lean
condition of @ < 0.25. This occurrence of the tip-openness
under the larger ¢ in the impinging flame is due to the
quenching effect of the cold plate. When ¢ reaches to 1.2,
a high heat flux plateau is observed around the stagnation
point. The difference of the heat flux between each location
is in the error range. The stagnation point heat flux under
& = 1.4 is found to be similar to that under ® = 1.6. This is
because they have the same flame structure, i.e., it is the
reaction cone tip that impinges on the plate under these
two conditions. It is found that the IDF is generally blue
when @ < 1.6. When ¢ is further increased to 1.98, soot

emission is observed on the tip of the flame, indicating
incomplete combustion due to excess fuel provision. This
yellow flame impingement gives rise to a significant
decrease in the maximum/stagnation point heat flux.

It is also observed from Fig. 9a that the maximum heat
flux also increases with increase in ¢ until @ = 1.4. For the
tip-open impinging IDF, the location of the maximum heat
flux shifted outwards when decreasing the ¢. This is
because more section of the inner reaction cone tip is trun-
cated under lower ¢. It is measured that the flame temper-
ature decreases with decreasing ¢ when @ < 1.2. The
lowered flame temperature makes the reaction cone tip to
be easier to be quenched by the plate, resulting in a larger
central hole inside the reaction layer. Thus, the maximum
heat flux is located further away under smaller ¢.

From Fig. 9a we can also observe that for the blue IDF
when @ < 1.6, the local heat flux increases monotonically
with increase in the ¢. Generally, yellow-tip IDF produces
reduced heat flux in the impingement region and enhanced
heat flux in the wall jet region.

The similar heat flux variation trend is also found under
Re,; of 4000, 5000, and 6500, as shown from Figs. 9b-9d,
respectively. It is observed that the maximum heat flux
occurs at ¢ =1.56, & =1.57, and & = 1.61, respectively
under these three Re,;,. Under all these conditions, the tips
of the inner reaction zone are open when @ < 1.0.

The heat flux distributions when the post-flame zone
impinges on the plate under different ¢ are shown in
Fig. 9e. The variation trend is similar to that under reaction
cone tip impingement, except that only one peak heat flux
point appears which locates at the stagnation point. This
corresponds to the fact the maximum flame temperature
and the maximum impinging velocity occur at the stagna-
tion point. Thus, all the curves are bell-shaped.

The heat flux distributions under small H/d,;. of 3.0
when the cold unreacted gas inside the reaction cone
impinges on the plate are illustrated from Figs. 9f-Sh,
respectively. It is observed that under all the three Re,;,
the variation trend is similar to each other, with an extre-
mely low heat flux around the stagnation point around or
below zero and two apexes some radial distance away. It
is observed that the values of the heat flux at the stagna-
tion point are the same despite increasing ¢ from the fuel-
lean condition to the fuel-rich condition under all the
experimental conditions, except the far lower level
occurred when Re,; = 8000, & =0.8. Also except this
condition, the heat flux increases from the stagnation
point to the maximum value point following almost a
same line when increasing ¢. Beyond the maximum heat
flux location, the local heat flux starts to decrease mono-
tonically, with higher value coming under larger ¢. This is
due to the increased flame length under larger ¢. It is also
observed from Figs. 9f-9h that as increasing ¢, the max-
imum heat flux increases gradually till @ =1.4 and no
clear increase is found beyond that. On the other hand,
the location of the maximum heat flux turns further out-
wards all the way.
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5.3. Effects of Re;,

The influences of the Re,;. on the local heat transfer rate
is illustrated in Fig. 10. Re,; varies from 3000 to 8000,
while the values of the ¢ is selected to be 1.0 and 1.4,
and the H/d,;. to be 3 and 9, respectively.

The comparisons of the heat flux distributions under
smaller H/d,;, of 3.0 when @ = 1.0 and @ = 1.4, are shown
in Figs. 10a and 10b, respectively. It is observed that under
all conditions, the heat flux varies following a similar trend
line, with an extremely low level of heat flux around the
stagnation point and two heat flux apexes located some dis-
tance away. The maximum heat flux increases with the
increase in Re,;,. Generally, the location of the maximum
heat flux is shifted further away radially under larger Re,;,.
The heat flux beyond the apex increases with the increase in
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Fig. 10a. Variations of heat flux with Re,;, under @ = 1.0, H/d,;, = 3.
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Fig. 10b. Variations of heat flux with Re,; under & = 1.4, H/d,;; = 3.
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Fig. 10c. Variations of heat flux with Re,;. under ® = 1.4, H/d,;; =9.
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Fig. 10d. Variations of maximum heat flux with Re,;, under ¢ = 1.4.

Reiy, till approximately r/d,;, = 8.0, where the difference
between them is indistinguishable. The heat flux distribu-
tion under H/d,, =9 is illustrated in Fig. 10c. It is
observed that the heat flux variation trend line is of bell-
shape under all the conditions. The heat flux increases
monotonically with increasing the Re,;.. This is due to
the combined effect of the flame temperature, turbulence
and the chemical reaction heat release. As we have dis-
cussed before, the flame length including the inner cone
and the outer layer increases with the increase in the Re,;,.
When Re,;; < 5000, it is the post-flame zone that impinges
on the plate, while the tip of the inner reaction zone
impinges on the plate in the other two conditions. The
enhanced flame temperature, enhanced turbulence and
the occurrence of the chemical reaction all contribute to
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the heat transfer enhancement under larger Re,;.. Fig. 10d
compares the maximum heat fluxes achieved under differ-
ent Re,;.. Under all the conditions, the tip of the inner reac-
tion zone impinges on the plate. It is observed that the
stagnation point heat fluxes are similar in value under
Re,;; = 3000 and Re,;, = 4000. A noticeable increase is only
observed when Re,;, = 5000. On the other hand, in the
region beyond the stagnation point, the local heat flux
increases steadily with the increase in Re,;,.. It can also be
observed from Fig. 10d that as increasing the Re,;., the heat
flux distribution around the stagnation point becomes flat-
ter. This is the result the increased thickness of the inner
reaction cone tip under higher Re,;;, as discussed before.

6. Averaged heat transfer characteristics

To better understand the thermal performance of the
impinging IDF, the averaged heat flux distributions under
varied parameters are presented in Fig. 11. The averaged
heat flux is obtained by integrating the local heat flux with
the trapezoid rule. The integration area is 0 < r/dy;, < 7.0,
which comprises the impingement zone and the wall jet
zone where the local heat flux generally is over 20 kW/m?.

The dependency of the averaged heat flux, i.e., g, on
H/d,;., is illustrated in Fig. 11a. It is observed that under
the same ¢ of 1.4, the g increases monotonically with the
increase in Re,;,. The variation trend with the H/d,;, is sim-
ilar to each other under each Re,;. First, the g increases
rapidly and almost linearly from H/d,; =3 to the peak
value. Then it decreases gradually as further increasing
the H/d,;, at a slower pace, but also following a linear trend
line. In the selected integration region, the maximum g
is obtained when H/d,;,=6 for Re, =3000 and
Re,;; = 4000. The maximum g occurs under H/d, =7
and H/d,;, =9 for Re,;, = 5000 and Re,;, = 6500, respec-
tively. When the Re,;, increases to 8000 and the ¢ increases
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to 1.8, it is observed that the g is slightly lower than that
under Re,;, = 5000, & =1.4. This is the result of the
reduced flame temperature associated with incomplete
combustion under larger ¢ despite the turbulence-augmen-
tation effect. When H/d,;; reaches 7.0 and beyond, the g
comes the highest in the chart, with the peak value occurs
under H/d,;; =9. Beyond that, the g decreases gradually,
as the other cases under @ = 1.4.

The variation of the g with the Re,, is shown in
Fig. 11b. Two H/d,;, are selected to be 3.0 and 9.0. The val-
ues of the selected ¢ are 1.0 and 1.4. It is observed that the
g increases steadily with the increase in the Re,; under
these four conditions. Specifically, under small H/d,;. of
3.0, the g increases fast from Re,;. = 3000 to Re,;, = 5000
under both conditions of @ =1.0 and ¢ =1.4. Beyond
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that, only a slight increase is found when further increasing
the Re,;, to 8000 under @ = 1.4. As a contrast, the g keeps
little changed when increasing the Re,;, from 5000 to 6500
under @ = 1.0. Then a slight decrease is observed when fur-
ther increasing the Re,;, to 8000. The reduced heat flux is
due to the reduced flame temperature under higher Re,;,
where more air is entrained, resulting in a actual fuel-lean
condition although the initial ¢ is set to 1.0. On the whole,
both the g under these two conditions vary following a
respective polynomial curve. By comparison, the g
increases linearly under H/d,;; =9.0, with a faster pace
under @ = 1.4.

The variations of the g with the ¢ are shown in Fig. 11c.
It is observed that under all the Re,;,, the g under @ = 0.8
are similar to each other, with only a slightly increase with
the increase in the Re,;.. This is due to the fuel-lean condi-
tions under all the Re,;, lowering the flame temperature,
and thus the local heat flux, as discussed before. Beyond
that, the g increases gradually till a peak value occurred
around @ = 1.6. The larger the Re,;,, the faster the pace.
Further increase in the ¢ leads to soot emission, as dis-
cussed in the above, which results in the decrease in the
local heat flux, and also the average heat flux, as shown
in Fig. 11c.

7. Comparison of the heat transfer rate with premixed flame
jet

To evaluate the thermal performance of this blue
impinging IDF, comparisons of the heat transfer rate are
made with those in premixed flame jet (PFJ) by Dong
et al. [23], as shown in Fig. 12. The diameter of the inner
burner tube used in Dong et al. [23] is 10 mm, while the
air port diameter is 6 mm in the present IDF burner. Other
than this, the other parameters, including ¢, Reynolds
number and the non-dimensional burner/plate distance,
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Fig. 12. Comparison of ¢ between IDF and PFJ.

are kept the same to each other. It is observed in Fig. 12
that on the whole, the heat transfer rates from both the
flames are in the similar level. The ¢u.x is around
190 kW/ m? in both the cases, and occurs at the location
around r/d(or d,;;) =1.0. However, in the impingement
region and the early wall jet region of r/d(or d,;)<4.0,
the ¢ from the IDF come higher than those form the PFJ
except the gnm... Beyond it, the ¢ from the IDF are a little
lower than those from the PFJ. Thus, in the whole region,
the IDF gives a little higher averaged heat flux than that
produced by the PFJ. On the other hand, due to the differ-
ence in the burner diameter, less fuel is consumed in the
IDF than the PFJ under the same ¢, Reynolds number
and the non-dimensional burner/plate distance. The fuel
consumption in the IDF is only 60% of that in the PFJ,
which is proportional to the ratio of (d,;,/d). Therefore, it
is clear that the IDF could produce higher heat flux than
the PFJ with the fuel consumption 40% less than the
PFJ. It is believed that this heat transfer enhancement is
due to the enhanced turbulence level in the IDF. Strong
mixing of fuel and air occurs in the flame neck, originating
extra turbulence in addition to the initial turbulence in the
free stream, thus enhancing the heat transfer rate.

8. Conclusions

Having identified the blue, dual-structured, triple-lay-
ered IDF as the favorable flame jet for impingement heat-
ing in the first part of this paper, this part is the
continuation to the first one. The flame structure, static
wall pressure characteristics, and local and averaged heat
transfer characteristics of this type of blue impinging
inverse diffusion flames have been investigated experimen-
tally. The following conclusions can be drawn:

1. Four types of impinging IDF are identified. By increas-
ing the H/d,;, gradually, the flame structure can vary
from the impingement of the cold gas inside the inner
reaction zone, to the impingement of the tip of the reac-
tion zone, and finally to the impingement of the post-
flame zone. The fourth flame structure is formed when
¢ is as small as 0.8, where the tip of the inner reaction
zone is open before impingement. Increase in ¢ and
Re,; increases the whole flame length and the length
of the inner cone tip. A yellow neck and/or yellow flame
tip appear under lower Re,; of 3000 and 4000 under
H/d,;; =9, @ = 1.4, due to the soot emission associated
with incomplete combustion under insufficient fuel/air
mixing.

2. The stagnation point wall pressure remains constant
when the potential core region impinges on the plate.
The P starts to decrease as increasing H/d,; due to
reduced impinging velocity. The P remains at a low
level under large H/d,;, of over around 11 due to the
much weakened influence of the jet exit velocity. Under
the condition of Re,;. = 4000, ® = 1.4, the length of the
impingement region increases first from r/d,; = 1.8 to
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r/d, = 4.2 with increasing H/d,;, from 1.5 to 7.5. Then
it decreases to r/d,;; = 1.7 with further increasing in H/
d,ir to 16.5. As increasing ¢, the P decreases monoton-
ically and the pressure gradient increases gradually.
Under the condition of Re,;. = 6400, H/d,;, =9, the
impingement region increases generally with increase
in ¢ ranging from r/d,;, =2.7 under =0.8 to r/
dair = 3.5 under @ = 1.61.

3. Heat flux increases with increasing H/d,;, at first until
the maximum value achieved when the inner reaction
cone tip impinges directly on the plate. After that, the
heat flux decreases gradually with further increasing
Hd,, till H/d,, =10 although T; remains almost
unchanged. This decrease in heat flux is due to the
decrease in the impinging velocity. When H/d,;, > 10,
the heat flux distribution remains little changed due to
small impinging velocity and relatively constant flame
temperature until H/d,;, =20. Under & =1.4, the g
increases linearly from H/d,; =3.0 to a peak value.
Then a slower linear decrease in g is followed when fur-
ther increasing H/d,;.. This variation trends are similar
to each other under different Re,;,.

4. When ¢ varies from fuel-lean condition to fuel-rich con-
dition where the reaction cone tip impinges on the plate,
the maximum heat flux increases accordingly and its
location shifts gradually inwards till reaching the stag-
nation point. The cold impingement plate quenches
the flame and causes the tip of the IDF to open under
larger ¢ than that in the free flame. When yellow-tip
flame appears under higher ¢, the maximum heat flux
decreased dramatically due to reduced flame tempera-
ture associated with incomplete combustion. In the wall
jet region, higher heat transfer is achieved under larger
equivalence ratio due to prolonged flame length and
thus extended area in the plate that contacts the flame.
The averaged heat flux increases steadily with the
increase in the ¢ to a peak value at around ¢ = 1.6.
Then it decreases gradually with further increase in ¢.

5. Impinging IDF is found to produce higher heat transfer
rate than the premixed flame jet due to the augmented
turbulence level created by the strong mixing of fuel
and air in the flame neck.
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