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Abstract

An experimental study was carried out to investigate the shape and the heat transfer characteristics of an array of
three laminar pre-mixed butane/air slot flame jets impinging upwards normally on a horizontal water-cooled flat plate.
The effects of jet-to-jet spacing and nozzle-to-plate distance were examined at the Reynolds number (Re) of 1000 and
the equivalence ratio (¢) of unity. Comparisons of the heat transfer characteristics between single and multiple slot
flame jets, as well as multiple slot and round jets, were made. The between-jet interference decreased with increasing
jet-to-jet spacing (s/d.) and nozzle-to-plate distance (H/d,). Strong interference was obtained at s/d. = 1 and H/d, = 2,
at which the central jet was suppressed while the side jets were deflected towards their free sides. In addition, there
was no minimum heat flux found in the inter-jet interacting zone, instead, a peak heat flux was obtained. Thermal per-
formance was reduced when H/d, became smaller than the length of the conical luminous reaction zone of the flame. A
maximum average heat flux occurred at the moderate jet-to-jet spacing of s/d. = 2.5 at Re = 1000, ¢ = 1 and H/d, = 2.
The resultant heat flux distribution of the central jet of a multiple slot jets system was higher than that of a single slot jet
when the jet-to-jet spacing was small, but this advantage in thermal performance diminished when the jet-to-jet spacing
was increased. Besides, the area-averaged heat flux of the multiple slot flame jets was higher than that of the multiple
round flame jets arranged at the same geometric configuration.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Impinging burners are widely used in rapid-heating
furnaces to save energy and time, since the turbulent
forced convection obtained by impinging the flames
on the object can enhance heat transfer significantly
[1]. Multiple impinging flame jets are normally adopted
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for both industrial and domestic heating applications, as
jets arranged in an array can help to enhance the heat
transfer for heating up a large surface area and to avoid
the occurrence of local hot spots. However, informa-
tion on impinging multiple flame jet systems is very
rare, especially about slot jets, despite their popularity
in application. With the aim of providing fundamental
understanding of the flame shape and heat transfer char-
acteristics of the multiple impinging slot flame jets, the
present work was performed to study the thermal per-
formance of a row of three premixed butane/air laminar
slot flame jets.
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Nomenclature
d nozzle exit diameter (m)
d. effective nozzle exit diameter (m) (d.=

(@wilm)'?)

distance between the nozzle and the
impingement plate (m)

rectangular nozzle length (m)

local heat flux density (W/m?)

average heat flux density (W/m?)

effective  nozzle exit diameter based
Reynolds number ( =ud./v)

distance between the centers of the two
nozzles (m)

T

R
Q

=)

u velocity of butane/air mixture (m/s)

v flame velocity near the stagnation point
(m/s)

w rectangular nozzle width (m)

X displacement on impingement plate along
direction of the slot length (m)

y displacement on impingement plate along
direction of the slot width (m)

v kinematic viscosity (m?/s)

¢ equivalence ratio (=(stoichiometric air/fuel

volume ratio)/(actual air/fuel volume ratio))

Since there has been very little information available
on multiple flame jets, studies of multiple isothermal
air jets [2-13] were therefore found useful in providing
foundation for the present investigation. Koopman
and Sparrow [2] studied a row of impinging air jets
and concluded that a higher local heat transfer coeffi-
cient was obtained midway between adjacent jets owing
to the collision of their spreading flows. This collision
effect became obvious at high jet Reynolds numbers,
small jet-to-jet spacing and small jet-to-plate distance.
Huber and Viskanta [8] and Saad et al. [9,10] studied
the effects of jet-to-jet spacing and nozzle-to-plate dis-
tance on the thermal performance of the multiple iso-
thermal air jets. The jet-to-jet spacing was suggested to
affect the convective heat transfer coefficient signifi-
cantly. The studies were conducted by varying the influ-
ence of the adjacent jet interference and fraction of the
impingement target surface covered by the wall jet.

Barata et al. [11,12] visualized the flow impinging
downwards to a horizontal surface and found that the
fountain upwash flow formed by collision of the radial
wall jets was deflected by the crossflow. Seyedein et al.
[13] studied the laminar flow and heat transfer character-
istics of the multiple impinging slot air jets by numerical
simulation. A disadvantage of impinging jets was sug-
gested to be the highly non-uniform heat transfer dis-
tribution over the impingement surface with a peak
Nusselt number occurring in the wall jet region.

Because of the very complicated flow field of the mul-
tiple impinging jets, presentation of the results in the
form of average heat transfer coefficient is usually pref-
erable. Martin [5] applied the technique of relative
nozzle area to analyze and compare the average heat
transfer coefficients of single and multiple impinging
hot air jets, which were emitting from both round and
slot nozzles. For an array of impinging round air
jets, the jet-to-jet spacing corresponding to a maximum
average heat transfer coefficient was found to be 7d at
Hld=54.

Compared with the number of investigations on heat
transfer characteristics of multiple impinging air jets,
there are almost no studies with multiple impinging flame
jets. Most of the previous investigations of impinging
flame jets are concerned with the single round jet [1,
14-19]. However, heat transfer characteristics of the
multiple flame jet system are rather different from those
of the single jet due to the existence of jet-to-jet interac-
tions, which cannot be identified from the single jet sys-
tem [8,20].

A good understanding of the interaction between
adjacent flame jets, both before and after the impinge-
ment, is yet uncertain. Most of the available information
on multiple impinging flame jets is related to the radial
jet reattachment flames [21,22]. Wu et al. [22] stud-
ied a row of three radial jet reattachment flames and
concluded that high pressure could be observed in the
interaction region at the midpoint between the two
neighboring nozzles. High surface heat fluxes were
obtained at a moderately interactive configuration of a
jet-to-jet spacing of S/Ry = 8. Among the very few inves-
tigations of the multiple impinging flame jet system,
Dong [19] studied an array of two round flame jets
and triple in-line round flame jets. A significant interfer-
ence was found in the flame between the jets, especially
when both the jet-to-jet spacing and nozzle-to-plate dis-
tance were small. The between-jet interference reduced
the heat transfer in the interacting zone. An optimal heat
transfer occurred when both the jet-to-jet spacing and
the nozzle-to-plate spacing were set at a moderate value
of 5. Comparison between the single and multiple
impinging flame jets was not made, such that the differ-
ence in their thermal characteristics was not fully
identified.

Very little work has been done for single or multiple
impinging slot flame jets [23-25]. From the few reports
in the literature, it has been pointed out that interaction
between adjacent jets could affect the heat transfer of the
flame jets significantly, but the extent of such interaction
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is not yet known. The present study is therefore con-
ducted to solve these uncertainties.

A row of three flame jets was chosen because it pro-
vided the most basic arrangements, which were found in
an array consisting of a large number of jets. The config-
uration of a central jet surrounded by two side jets is
similar to the situation of any jet in a jet array. The cen-
tral jet experiences interference from its two neighboring
jets and the effect can be used to characterize the behav-
ior of any jet in a large jet array except that at the free
end, which is affected by its neighboring jet from one
side only. Experimental study was conducted to observe
the flame shape and local heat flux distribution along the
plate surface impinged by an array of slot flame jets.

Cooling water jacket

AN

Focus was placed to the interaction between the two
adjacent jets and its effect on the heat flux distribution
on the impingement plate. Effects of the most important
geometric parameters of the multiple flame jet system,
i.e., the jet-to-jet spacing and nozzle-to-plate distance,
on its flame shape and heat transfer coefficient at the
jet/plate interface have been examined.

2. Experimental setup and method
The flame impingement system of the present study

is shown schematically in Fig. 1(a) and (b). The nozzles
and the flame holder were attached to a three-dimensional
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Fig. 1. Experimental setup. (a) Schematic and (b) impingement flame jets system.
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positioner such that they could be located at a desired po-
sition relative to the impingement surface. The flame
holder consisted of three identical slot copper ducts; each
had an inner dimension of 13.4 x 4.3 mm? (equivalent to
an effective nozzle exit diameter, d. = 8.56 mm) and a
length of 300 mm. There were three jet-to-jet spacings, s/
d,=1, 2 and 3, used to represent the small, moderate
and large jet-to-jet spacings.

Butane gas and compressed air were metered with
rotameters and pre-mixed to generate the flames. The
rotameters had been well calibrated with a soap-bubble
meter. In order to prevent the non-uniform air/fuel flows
and misdistribution caused by interaction between the
three jets, the flow rate in each of these three nozzles
was controlled and measured individually. It was to
ensure that each nozzle could be operated under identi-
cal and stable flow condition. The three flame jets
impinged vertically upward onto a water-cooled copper
impingement plate having a surface area of 500 x
500 mm? and a thickness of 8 mm. The cooling water
was kept at a temperature of 38 °C by a refrigerator to
eliminate the condensation of water vapor on the
impingement plate surface [17,18].

A heat flux transducer having an effective sensing
area of 6 mm? was installed at the center of the flame-
side surface of the impingement plate to measure the lo-
cal heat flux from the flame to the plate. By moving the
three-dimensional positioner horizontally in the x—y
plane, the local heat flux of a point on the impingement
plate relative to the stagnation point could be measured,
such that the heat flux distributions in the x- and y-
directions of the impingement plate were obtained.
The three-dimensional positioner could also be fixed at
different locations along the z-direction to achieve
various nozzle-to-impingement-plate distance, such that
Hld, =2, 3, 4 and 6 in the present investigation. The
approach had been applied satisfactorily in the Authors’
previous studies [26,27]. A data acquisition system was
used to record the heat flux data. Every reported data
is the average value of the data obtained consecutively
in two minutes at a rate of 500 samples per second. A
digital camera of 5,000,000 pixels was used to record
the flame shapes.

3. Reliability of experimental results

An uncertainty analysis has been carried out accord-
ing to the method proposed by Kline and McClintock
[28]. Using a 95% confidence level, the maximum and
minimum uncertainties for the presented local heat flux
are 12.8% and 3.2%, respectively. The thermal radia-
tion was assumed negligible because of the non-luminous
radiation resulting from burning butane with air, and the
relatively low surface emissivity of the impingement sur-
face (around 0.2) [15,25,29]. Besides, the highly transient

nature of the flame jets had been highly alerted during
the entire study. A data acquisitition system was used
to record the heat flux values after the system became sta-
ble and steady. Use of the sampling rate of 500 samples
per second for the duration of 120 s in recording every re-
ported data is to ensure repeatability.

4. Results and discussion

Experiments were conducted to study the influence of
sld, and H/d, on the flame shape and heat transfer char-
acteristics of a row of three laminar impinging slot flame
jets. Attention was focused on the stoichiometric com-
bustion (¢ =1) and laminar flow condition (Re =
1000). The non-dimensional jet-to-jet spacing, s/d., was
varied from 1, 2 and 3 to represent the small, moderate
and large spacings, whereas the non-dimensional nozzle-
to-plate distance, H/d,, was set at a value between 2 and
6 to ensure the inclusion of the inner luminous cone of
the flame.

4.1. Flame appearance

Photographs of the triple impinging slot flame jets
at the small, moderate, and large jet-to-jet spacings,
ie., s/d,=1, 2, and 3, under two nozzle-to-plate dis-
tances (H/d,) of 2 and 4, are shown in Fig. 2(a)
and (b). Flame shapes of the single impinging slot flame
jet were also provided for the purpose of comparison.
All photographs were taken along the direction of the
slot width, with the width of the jet placed normal to
the camera.

It could be observed from the photographs that both
the single flame jet and each of the multiple flame jets
consisted of an inner zone of unburned gases, a thin blue
layer of conical luminous reaction zone and a light blue
outer layer of burned gases. In the multiple flame jet sys-
tem, each of the triple flame jets was basically having the
similar shape as the single flame jet. There was certain
distortion in each flame due to the interaction between
the adjacent flame jets, and the level of interaction and
hence distortion was dependent directly on the jet-to-
jet spacing as well as the nozzle-to-plate distance.

In Fig. 2(a), at H/d. =2 and s/d, = 1, outer layers of
the adjacent flame jets were found to merge together.
The small spacing between the adjacent flame jets con-
fined the flow of the central flame jet and pushed the side
flame jets outwards. At the same time, the central jet was
suppressed by the side jets so that its inner reaction zone
became slightly shorter. It might be due to two types of
interaction occurring at the small jet-to-jet spacing and
nozzle-to-plate distance: interference between adjacent
flame jets before impinging on the surface and collision
of the wall jets associated with the adjacent impinged
jets [2].
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single

s/d=1

s/de=2

s/d.=3

(@)
Fig. 2. Photographs of the triple and single impinging slot flame jets. (a) Re = 1000; ¢ = 1; H/d, =2 and (b) Re = 1000; ¢ = 1; H/d, = 4.

At s/d. = 1, the outer layers of adjacent jets merged
and the side jets were pushed to deflect outwards. At
sld, = 2 and s/d, = 3, the outer layers impinged against
each other and were deflected downwards away from
the impingement plate after impinging with each other
at the mid-point between them to form a “W-shaped”
outer flame layer. However, such flame feature was not
observed at higher H/d, and became more obvious at
the smallest H/d, ratio of 2 and the largest s/d, ratio of
3. At s/d, = 3, the larger spacing between the adjacent
flame jets allowed their outer layers to spread into the
interacting zone and flow downwards upon impinge-
ment with each other, resulting in the “W-shaped” outer
flame layer [30].

A stronger interference between the adjacent flame jets
was obtained at smaller nozzle-to-plate distance. When
Hld,, was increased to 4 as shown in Fig. 2(b), this effect
was less obvious. At s/d. = 2, the outer layers of adjacent
jets merged only along the impingement plate to meet

(b)

each other at their mid-point and there was little distor-
tion occurred at the side jets. At s/d, = 3, the three jets
appeared to be three isolated single flame jets. There
was no “W-shaped” outer flame layer observed at H/
d. = 4, indicating a rather weak between-jet interference.

The between-jet interference occurred at different jet-
to-jet spacings as observed from the flame appearance
could be supplemented by the variation of the local pres-
sure on the impingement surface, which was obtained in
the Authors’ previous work [31]. Conclusively, it can be
assumed that the chance to obtain a diffusion flame at
the present equivalence ratio (¢ = 1) is quite negligible.

4.2. Local heat flux distribution

Fig. 3(a) and (b) show the effect on the heat transfer
performance of the jet-to-jet spacing and the nozzle-to-
plate distance, via the local heat flux contours of a single
slot flame jet and those of the triple slot flame jets with
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Fig. 3. Heat flux contours of single and triple impinging slot flame jets (Re = 1000; ¢ =

sld. =1, 2 and 3, at H/d, = 2 and 4, respectively. A com-
parison of heat flux distribution along the imping-
ing plate between the single and multiple slot flame
jets has been made. It was found that the heat flux dis-

tribution of the single flame jet decreased rapidly in
the radial direction, whereas that of the multiple flame
jets was higher in the wall-jet region and decreased rela-
tively slowly in the radial direction due to the additional
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impingements. The multiple jet system showed the
advantage in producing more uniform local heat flux
distribution on the impingement plate than its counter-
part. The other advantages in using multiple jets would
be discussed in the following section, “‘area-averaged
heat flux distribution”.

The jet-to-jet interference, which was the special fea-
ture of the multiple flame jets, usually led to a lower heat
transfer in the interacting zone because the between-jet
action forced the flow to move downwards and detach
from the impingement surface in this zone. At the small
jet-to-jet spacing of s/d, =1, the flame jets interacted
with each other such that the central jet was suppressed
while the side jets were forced to deflect outwards as
described previously. There was more outward flow
obtained along the x-direction at the smaller jet-to-jet
spacing when comparing with that occurring with the
single jet. The behavior of three isolated single flame jets
was clearly observed at the highest s/d, ratio of 3, and
each of the triple flame jets had sufficient spacing to de-
velop freely and very little effect of the jet-to-jet interfer-
ence could be observed.

When the nozzle-to-plate distance was increased to 4,
lower local heat flux was found when compared with
that obtained at the smaller H/d, ratio of 2. The larger
distance between the reaction zone of the flame and
the impingement plate caused a reduction in the thermal
performance of the flame jets system due to the entrain-
ment of excessive surrounding air. In addition, the
increased nozzle-to-plate spacing led to a lesser outward
flow along the x-direction of the slot nozzle than that
obtained at the smaller H/d, ratios due to the reduced
between-jet interference.

In order to explore more information about the
effects of s/d, and H/d, on the heat transfer performance
of an array of impinging slot flame jets, the variations of
local heat flux with these parameters are discussed in the
following sections.

4.3. Effect of jet-to-jet spacing (sld,)

Fig. 4(a) shows the local heat flux distributions on
the impingement plate along the width direction of the
single and triple slot flame jets with s/d. =1, 1.5, 2, 2.5
and 3, respectively, when H/d, = 2. The corresponding
flame shapes of the single and triple jets with s/d, = 1,
2 and 3 are shown in Fig. 2(a) as reference. In Fig.
4(a), the line at y = 0 is the centerline of the central jet,
while those at y = 8.6 mm, 12.9 mm, 17.2 mm, 21.5 mm
and 25.8 mm correspond to the centerline of the side
jet for s/d. =1, 1.5, 2, 2.5 and 3, respectively, as shown
by the dotted line in the figure. Because of symmetry,
another half of the figure (from 0 to 40 mm) was as-
sumed to be the mirror image.

The single flame jet had a relatively low heat flux at
the stagnation point, which was increased to a maximum

value at y = 7 mm and then reduced steadily for further
increase in the radial distance. For the triple flame jets,
the highest heat flux at the impingement plate was
obtained at the smallest s/d,, of 1. As s/d, was increased,
there was more than one maximum heat flux obtained
on the impingement plate with similar value, which was
also close to the peak heat flux of a single slot flame
jet operating under the same condition. It shows that
the inter-jet interference became stronger when the jet-
to-jet spacing was small, and such effect was particularly
obvious at the small nozzle-to-plate distance. As a result,
the heat transfer would be much enhanced.

In all cases, the heat flux was low at the center of the
central jet, indicating the existence of a cooler central
core in this region. For s/d, = 1, the heat flux increased
to a peak value at y = 7.5 mm, which was near to the cen-
ter of the side jet, and then decreased monotonically
along the plate. For s/d, = 2, there were three peak values
and three minimum values observed. The first peak value
occurred at y = 6 mm, which was near to the center of the
central jet. The second peak value was occurred at
y =15 mm, which was on the interacting side and near
to the center of the side jet. The third peak value occurred
at y = 30 mm, which was on the non-interacting side of
the side jet. Hence, there were two peaks in the interact-
ing zone between the central jet and the side jet, and one
peak on the non-interacting side of the side jet. The first
minimum value occurred at the center of the central
jet. The second minimum value occurred at y = 10 mm,
which was in the interacting zone between the central
and side jets. The third minimum value occurred at
y =22 mm, which was on the non-interacting side of
the side jet. At s/d. = 3, three peak values again occurred
at the similar positions. There were also three minimum
values. The first and third minimum values were located
at the centers of the central and side jets, while the second
minimum value was located between them.

From Fig. 2(a), at s/d, = 3, the three jets acted almost
independently. Hence, the minimum values were found
at the center of the adjacent jets, indicating that the heat
flux of the side jet was not influenced by the central jet, or
vice versa. On the other hand, at s/d, = 1, the cooler cen-
tral core of the side jet disappeared due to the inter-jet
interference from the central jet, while that of the central
jet remained. At s/d, = 2, location of the cooler central
core of the side jet was forced to the non-interacting side,
indicating that there was still interaction between the
adjacent jets but it was much weaker when compared
with that at s/d, = 1. According to Fig. 4, it shows that
the maximum heat flux was obtained at the smallest
sld, ratio of 1 at y = 7.5 mm. For the other s/d. ratios
of 1.5, 2, 2.5 and 3, their measured highest heat fluxes
were close to each other but lower than that of s/d, = 1.
At s/d, =1, the between-jet interference enhanced the
heat transfer in this region and such thermal perfor-
mance enhancement decreased as s/d, was increased.
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Fig. 4. Heat flux distribution at different jet-to-jet spacings (Re = 1000; ¢ = 1; H/d. = 2). (a) Along slot width and (b) along non-

dimensional slot width.

Fig. 4(a) was rearranged into Fig. 4(b) to show the
local heat fluxes of the triple slot flame jets for different
sld, ratios against the non-dimensional distance (y/s)
along the impingement plate, which enabled the change
of heat flux in the between-jet region to be observed
clearly. At s/d, =1, the minimum heat flux occurred at
the center of the central jet (y/s =0). The heat flux
increased to a maximum value at y/s = 0.8, but not at
yls = 0.5 (the mid-point of the two flame jets) due to the
outward deflection of the side jets as shown in Fig. 2(a).

When the jet-to-jet spacing was increased to exceed 1,
two distinctive heat flux peaks were obtained with a min-
imum heat flux located between the two peaks. The min-
imum heat flux occurred at y/s =0.62, 0.58, 0.55 and
0.52 when s/d, = 1.5, 2, 2.5 and 3, respectively. It was
clear that a shift of the location of the minimum heat
flux from the side jet towards the mid-point between
the adjacent jets occurred as s/d, was increased. For
sld, = 3, three minimum values of local heat flux
occurred at the stagnation point of the central jet, the

inter-jet interference region and the stagnation point of
the side jet (at y/s =0, 0.52 and 1), respectively. When
the jet-to-jet spacing increased, less significant influence
between the adjacent jets was obtained. At the largest
jet-to-jet spacing of s/d. = 3, the thermal behavior of
each flame jet in the array appeared to be an isolated
jet. As shown in Fig. 3(g), a slight compression of the
heat flux contours was found in the interacting side
between the central and side jets, and the central jet was
observed to have the thermal behavior of an isolated jet.

4.4. Effect of nozzle-to-plate distance (Hld,)

The heat flux distributions along the y-axis of the
impingement plate under different H/d, ratios with large,
moderate and small s/d, ratios of 3, 2 and 1, are shown
in Fig. 5(a)—(c), respectively. Another half of the figure
(from 0 to 60 mm) has not been shown because of sym-
metry. There were three locations identified to illustrate
the results, namely, the central jet’s stagnation point, the
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Fig. 5. Heat flux distribution along the slot width direction for
different nozzle-to-plate distances (Re = 1000; ¢ = 1). (a) s/d. =
3, and (b) s/d. = 2, (¢) sld. = 1.

jet-to-jet interference zone, and the side jet’s stagnation
point.

In Fig. 5(a), the heat transfer characteristics were
quite similar for all H/d, ratios. There was rather

negligible influence on the heat transfer characteristics
in the inter-jet interference zone and the wall jet region
beyond the side jet’s stagnation point at y >40 mm.
Three heat flux peaks were observed at different H/d,
ratios ranging from 2 to 6, two of which were located
in the interacting zone between the central and side jets,
and the third one was located in the non-interacting
zone of the side jet. The lowest heat flux value was
obtained between the two peaks in the inter-jet interfer-
ence region, which was due to the collision of the adja-
cent flame jets to form a downward flow around the
mid-point between them.

Thermal performance decreased when H/d, was
increased from 2 to 6, because the separation between
the hottest conical luminous reaction zone and the
impingement plate was increased. However, it should
be noted that the length of the conical luminous reaction
zone was not a constant but varied with Re, ¢ and con-
figuration of the flame jet system. Thermal performance
would also deteriorate when H/d. became too small,
such that the nozzle-to-plate distance was smaller than
the length of the conical luminous reaction zone [27].

In Fig. 5(b), two heat flux peaks were found when
Hld, > 3, instead of three heat flux peaks as observed
at Hld,=2. As s/d, was reduced from 3 to 2, the outer
flame layers of the adjacent flame jets started to interact
with each other at sufficiently large nozzle-to-plate dis-
tance (H/d, = 3). It led to a heat flux enhancement at
the jet-to-jet interference region and pushed the cooler
central core of the side jet to the non-interacting side.
Thermal performance of the flame jets system decreased
when the nozzle-to-plate distance was increased because
of the same reason as mentioned previously.

When the s/d, ratio was reduced to 1 as shown in Fig.
5(c), there was only one peak heat flux located at
y = 8.6 mm for different H/d, ratios ranging from 2 to
6. The peak heat flux was located around the stagna-
tion point of the side jet. There was very strong inter-
action between the central and side jets when s/d, was
very small, such that the reaction zone and the outer
flame layers of the side jet were displaced to the non-
interacting side. The cooler central core of the central
jet was clearly observed at y =0 but that of the side
jet, which was still observable at s/d. = 2, no longer ex-
isted due to the interaction of the adjacent flame jets.

4.5. Area-averaged heat flux distribution

In order to seek the optimal jet-to-jet spacing with
the best heat transfer performance, the area-averaged
heat flux at various s/d, ratios for the entire array, the
central and side units of the jets were evaluated. The
focus was concentrated to the stoichiometric flame
(¢ = 1) at laminar flow condition (Re = 1000) and small
nozzle-to-plate distance (H/d, = 2) due to the occurrence
of high heat transfer at these conditions.
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Fig. 6. Area-averaged heat flux. (a) Integrating areas for
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The area-averaged heat flux distributions along the
impingement plate surface were obtained by integrating
the local heat flux values of the area under consideration
as shown in Fig. 6(a), which was similar to that pro-
posed by Dong et al. [26]. The area-averaged heat flux
could be defined as:

JJqd4

_ (4) s Jo a(x,y)dxdy
Gg=— v _ fo fO = (1)

In addition, in order to compare the area-averaged
heat transfer performance between a single and an array
of slot flame jets, experiments were performed at the
same operating conditions for both single and multiple
jet systems. The area-averaged heat flux of the central jet,
side jet and all three jets of the jet array for various jet-
to-jet spacings of 1, 1.5, 2, 2.5, and 3 are shown in Fig.
6(b). In addition, the area-averaged heat flux obtained
from a singe slot flame jet has also been presented on
the same figure for comparison purpose. It shows that
the area-averaged heat flux of the entire jet array in-
creased when the jet-to-jet spacing was increased from
1 to 2.5. However, further increase of the jet-to-jet spac-

ing to 3 reduced the area-averaged heat flux slightly. The
optimal jet-to-jet spacing corresponding to the highest
area-averaged heat flux for the jet array under consider-
ation was observed to be 2.5 at Re=1000, ¢ =1 and
Hld, = 2. According to the Authors’ previous studies
[26,27,30,31], thermal characteristics of impinging jet
varies with Reynolds number, equivalence ratio and
nozzle-to-plate distance rather significantly. It is there-
fore very reasonable to expect that the optimal jet-to-
jet spacing would be varied with Re, ¢ and H/d..

It was found that the area-averaged heat flux of the
side jet was greater than that of the central jet. Such
advantage was rather obvious at small s/d, ratio and
diminished as it was increased. At the small jet-to-jet
spacing, the central jet experienced a strong interference
with suppression from the two side jets, which acted as a
large constraint for the central flame jet to develop.
Thus, its flame length was relatively short when com-
pared with that of the side jet as shown in Fig. 2. The
heat flux received by the plate surface impinged by the
central jet was reduced because the hottest conical lumi-
nous zone was relatively further away from the plate sur-
face. In addition, part of the central flame jet was
deflected towards the side jet at the small jet-to-jet spac-
ing, causing a heat transfer enhancement of the side
jet. However, it was observed that the three flame jets
appeared as three isolated single flame jets when the
jet-to-jet spacing was sufficiently large, which was evi-
dent by the area-averaged heat flux obtained at s/d, = 3.

Comparing the area-averaged heat flux between a
single slot flame jet and an array of triple slot flame jets,
the side jet of the jet array was found to have higher heat
flux than that of the central jet of the same array, as well
as that of the single jet. It appeared that heat transfer
enhancement had been obtained by using flame jets ar-
ray especially at the small jet-to-jet spacing.

4.6. Comparison between multiple impinging round and
slot flame jets

With the aim to compare the heat transfer perfor-
mance of an array of impinging slot flame jets to that
of the round jets, area-averaged heat flux of the triple
slot flame jets obtained in the present study were com-
pared with that suggested by Dong et al. [30], where the
results were obtained under similar experimental condi-
tions (Re = 900, ¢ = 1 and H/d = 2). Fig. 7 shows the var-
iation of area-averaged heat flux with non-dimensional
jet-to-jet spacing for slot flame jet (s/w) and round jet
(s/d). The s/w ratio was used in order for both systems
to have same lateral spacing between adjacent jets.

It was observed that the maximum area-averaged
heat transfer of the entire jet array occurred at s/w
or s/d =5, and the lowest heat transfer was obtained at
s/w or s/d = 2, for both the slot and round jets. The slot
flame jets appeared to have better heat transfer perfor-
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mance than their counterparts. Besides, effect of the jet-
to-jet spacing was more significant on the multiple
round flame jets than the slot jets. It could be evident
from the more rapid change in the area-averaged heat
flux of the multiple round flame jets as the jet-to-jet
spacing was varied. Compared with the slot flame jets,
a greater discrepancy of area-averaged heat flux between
the central and side jets was obtained with the round jets
especially when the jet-to-jet spacing was small. Such
significant discrepancy showed that the flow interference
between adjacent jets was more pronounced for the
round flame jets. It might be reasonable to suggest that
the multiple slot flame jets were able to produce a higher
and more uniform heat flux on the impingement plate.

5. Conclusions

The flame shapes and the heat fluxes on the impinge-
ment plate produced by a single slot flame jet and an
array of triple slot flame jets, under different nozzle-
to-plate distances and jet-to-jet spacings have been stud-
ied experimentally and the results are summarized as
follows:

1. The between-jet interference decreased with increas-
ing jet-to-jet spacing and nozzle-to-plate distance.
Strong interference was obtained at the small jet-
to-jet spacing of s/d, =1 and small nozzle-to-plate
distance of H/d, = 2, at which the central jet was sup-
pressed to produce a shorter flame length while the
side jets were deflected towards their free side. At
the small jet-to-jet spacing, there was no minimum
heat flux found in the inter-jet interacting zone;
instead, a peak heat flux was obtained.

2. The heat flux received by the impingement plate was
reduced when the nozzle-to-plate distance was
increased from 2 to 6. It was due to the increased sep-
aration between the hottest conical luminous zone of
the flame and the impingement plate as H/d, was
increased.

3. Location of the peak heat flux did not occur at the
mid-point between adjacent jets but a location shift-
ing towards the side jet, which was due to the strong
inter-jet interference obtained there especially at the
small jet-to-jet spacing. A peak heat flux was formed
at the impinging zone between adjacent flame jets,
while minimum heat fluxes were obtained at the stag-
nation points and the inter-jet interacting zone of the
flame jets at s/d, =2 and 3.

4. The optimal jet-to-jet spacing corresponding to the
highest area-averaged heat flux was found at s/d, =
2.5 at Re = 1000, ¢ = 1 and H/d, = 2.

5. The resultant heat flux distributions of multiple slot
flame jets were significantly different from those of
a single slot jet. The area-averaged heat flux of the
side jet of an array of slot flame jets was always
higher than that of the central jet of the same array
because of the suppression encountered by the central
jet. However, the area-averaged heat flux of a single
slot flame jet was close to that of the central jet of
the multiple jets system when the jet-to-jet spacing
was large (s/d. = 2.5 and 3). In fact, the jets of an
array of impinging slot flame jets appeared to be iso-
lated single jets when the jet-to-jet spacing became
sufficiently large (s/d, = 3).

6. At small jet-to-jet spacing, the area-averaged heat
flux of the multiple slot flame jets was higher than
that of the round jets operating under the similar
experimental conditions and arranging at the same
geometric configuration. However, their area-aver-
aged heat fluxes were close to each other as the jet-
to-jet spacing became sufficiently large. As mentioned
previously, the thermal behavior of each flame jet in
the array appeared to be an isolated jet at s/d, = 3.
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