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Abstract

Experiments were performed to investigate the heat transfer characteristics of a row of three premixed, laminar,
butane/air flame jets impinging on a water-cooled flat plate. The between-jet interference was found to reduce the heat
transfer rate in the jet-to-jet interacting zone due to the depressed combustion. The interference became stronger when
the jet-to-jet spacing and/or the nozzle-to-plate distance were/was small. The positive pressure existed in the between-jet
interacting zone caused the asymmetric flame and heat transfer distribution of the side jet. The meeting point of the
spreading wall jets of the central and the side jets did not occur at the midpoint of the neighboring jets, but at a location
shifted slightly outwards. The maximum local heat flux and the maximum area-averaged heat flux occurred at a
moderate nozzle-to-plate distance of 5d with a moderate jet-to-jet spacing of 5d. The lowest area-averaged heat flux was
produced when both the jet-to-jet spacing and the nozzle-to-plate distance were small. Comparing with a single jet
under the same experimental conditions, the heat transfer rates in both the stagnation point and the maximum heat
transfer point were shown to be enhanced in a row of three-jet-impingement system. The present study provided de-
tailed information on the heat transfer characteristics of a row of three in-line impinging flame jets, which had rarely

been reported in previous study.
© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Impinging isothermal and flame jets have been widely
used in heating, cooling and drying processes for their
enhanced convective heat transfer rates. Multiple jets are
needed to employ when a large surface area is required
to be heated or cooled [1]. Use of multiple jets can also
enhance heating/cooling uniformity by creating several
impingement zones. From the viewpoint of the design of
equipment using multiple jets, detailed and accurate
data are required, which cannot be predicted from those
of the single jet. This is because the influence of the jet-
to-jet interaction cannot be inferred from single jet data

2.
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Multiple impinging isothermal air jets have been in-
vestigated quite extensively. Fluid mechanics and heat
transfer characteristics of impingement systems with
different jet number and jet arrangement pattern have
been studied. The simplest system consists of a pair of
jets. The relevant information on the flow field, pressure
distribution and heat transfer in this twin-jet system can
be referred to the previous work [3-9]. In practical ap-
plication, a row or multiple rows of impinging jets are
often used. In multiple rows of impinging jets, both in-
line and staggered arrangements of the jets can be em-
ployed. Relevant investigations can be found elsewhere
[10-18].

A row of air jets have also been studied by many
investigators [19-22]. Saad et al. [22] investigated jet
array system consisting of three identical confined slot
jets with symmetrical exhaust ports in the confinement
surface. It was found that the critical S/H ratio, at which
the non-interacting multiple impinging slot jets were
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Nomenclature

A integration area (m?)

B nozzle width (m)

d nozzle exit diameter (m)

Achem enthalpy due to chemical reaction (J/kg)

hehemn  enthalpy due to the recombination of hy-
drogen atoms (J/kg)

heq total enthalpy (= A + hcpem) (J/kg)

he sensible enthalpy (J/kg)

H distance between the nozzle and the im-
pingement plate (m)

Ley Lewis number based upon the diffusion of

hydrogen atoms in the flame gas

Nu Nusselt number (= ad/1)

q local heat flux density (W/m?)

q area-averaged heat flux density (W/m?)

r radial distance from midpoint of the two
nozzles (m)

Re Reynolds number (= uoyd/v)
Ry air supply pipe inside radius (m)
S distance between the centers of the two

nozzles (m)

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

b the streamwise axis (m)

y the spanwise axis (m)

Greek symbols

o heat transfer coefficient (W/m? K)

B the velocity gradient near the stagnation
point (= (dv/dr),_,)

A thermal conductivity (W/mK)

v kinematic viscosity (m?/s)

¢ equivalence ratio (=(stoichiometric air/fuel
volume ration)/actual air/fuel volume
ratio))

Superscript

- averaged value

Subscripts

b stagnation body or target

e edge of boundary layer

f flame jet

out at the nozzle exit surface

separated from the interaction ones, was between 1 and
0.75. Goldstein and Timmers [23] investigated a row of
three impinging air jets. They found that at low H/d
ratio of 2, the high crossflow caused the non-circular
shape of the constant Nusselt curves around the outer
jets and outward movement of the maximum Nu of the
outer jets. Goldstein and Seol [24] investigated a row of
impinging air jets, and found that the jets with the closer
jet-to-jet spacing were able to produce larger average
Nusselt number. A single row of jets appears to be more
efficient than a slot jet for maximizing the heat mass
transfer with the same mass flow rate. Koopman and
Sparrow [25] investigated a row of impinging air jets and
found that a local maximum heat transfer coefficient
occurred at the midway between adjacent jets, due to the
collision of the spreading flows from two impinged ad-
jacent jets. This maximum heat transfer coefficient be-
comes prominent at smaller H/d ratio, larger Reynolds
number, and when the jets are more closely spaced. The
highest spanwise-averaged coefficients are at the im-
pingement line, except at closest separation where they
occur along the line of x/d = 0.5. Gardon and Akfirat
[13] investigated a system of three impinging unconfined
slot jets. They found that the pressure and heat flux
distributions in the impingement region of the middle jet
was substantially the same as those of a single uncon-
fined impinging jet. Marked secondary peaks in the heat
transfer rate at the points midway between adjacent
nozzles were found for the relatively small nozzle-to-

plate spacing of H/B = 4, but they were not occurred for
a large spacing of H/B = 16. It has been verified that in
multiple jet systems, the spent flow from upstream jets
(i.e., the crossflow) deteriorates the thermal performance
of the downstream jets [26]. Gundappa et al. [27] studied
a row of three jets and found that this crossflow problem
could be eliminated when jet tubes were used to replace
the orifice plates. Al-Sanea [28] quantified the reduction
of Nusselt number to be as much as 60% due to the
presence of crossflow. Seyedein et al. [29] carried out
a numerical investigation to reduce non-uniformity of
heat transfer caused by crossflow. They found that in-
clining the confinement surface could accelerate the ex-
haust flow, which could lead to a more uniform Nusselt
number distribution.

Comparing to the numerous studies relating to mul-
tiple impinging air jets, much fewer investigations have
been performed on multiple impinging flame jets. The
studies of flame jet have mainly focused on the single jet
[30-37]. Malikov et al. [37] studied the heat transfer in
a rapid heating furnace with a multi-jet combustion
chamber both experimentally and numerically. Mohr
et al. [38] investigated the between-jet interference of a
pair of impinging radial flame jets. Wu et al. [39] in-
vestigated a row of three radial flame jets. High pressure
was observed in the interaction region between the two
neighboring nozzles, with the highest value occurred at
the midpoint between them. Effect of jet-to-jet spacing
on heat transfer was examined. It was observed that
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high surface heat fluxes were obtained at a moderate jet-
to-jet spacing of S/Ry = 8. It is due to the co-existence of
the higher temperature difference between the gas/flame
and the impingement plate, and the stronger impact re-
sulted from the higher pressure in the interaction zone.
However, studies on multiple impinging in-line flame
jets have been rarely reported so far, in spite of their
wide usage in application such as domestic gas appli-
ances. Viskanta [40,41] has reviewed the studies on im-
pinging jets and recommended the study on multiple
impinging flame jets should be carried out.

A row of three in-line flame jets had been chosen in
the present study. Three jets were selected because it
could represent a large array of impinging jet system. A
center jet surrounded by two side jets, which will expe-
rience interference from the two neighboring jets, pro-
vides the characteristics of each jet in a large array
except the end jets. Butane gas has been selected in the
present study. Experiments were carried out to study the
influences of non-dimensional nozzle-to-plate distance
(i.e., H/d) and jet-to-jet spacing (i.e., S/d) on the flame
structures and the heat transfer characteristics of both
the center and the side jets. The S/d ratio was varied
from 2.6 to 7 to cover small, moderate and large jet-to-
jet spacing. The H/d ratio was selected from 2 to 8 to

include the length of the flame’s inner cone. Reynolds
number was chosen to be 900 to produce laminar flames.
All the tests were performed at the stoichiometric con-
dition.

2. Experimental setup and method

The impinging flame jet system of the present study
consisted two parts: the heat generation system and
the heat absorption system, as shown schematically in
Fig. 1.

There were two kinds of flame holder. The first kind
consisted of three identical 50 mm long brass tubes with
5 mm inner diameter. The other consisted of a single
brass tube with the same length and diameter. The
butane gas and compressed air were metered and pre-
mixed in a brass cylinder, before entering the cylindrical
aluminum equalization chamber via a 200 mm long
stainless steel tube. The equalization chamber was filled
with stainless steel beads to make the flow more uni-
form and to prevent the flame from flashing back. The
mixture then entered the flame holder, and the flame
was ignited and stabilized at the rim. The inside surface
of the flame holder was polished to facilitate a more
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1. Thermostat

2. Cooling Water Jacket
3. Impingement Plate

4. Flame Jet

5. Nozzle

6. Equilizating Chamber
7. Premixed Chamber

8. 3-D Positioner

9. Angle Steel Holder

10. Pressure Gauge

11. Flow Meter

12. Valve

13. Fuel Tank

14. Compressed Air Line

Fig. 1. Schematic of the experimental setup.
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uniform exit velocity profile. The three-dimensional
positioner enabled each of the attached burners to be
fixed at a desired position related to the impingement
surface.

The flame impingement surface was a rectangular
copper plate of 200 mm long, 200 mm wide and 8§ mm
thick. It was 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 was made of plexiglass to visualize the water flow.
A stainless steel frame was used to support the copper
plate and the heat exchanger, such that the plate could
be placed either horizontally or tilted at a selected angle
related to the burner. After certain changes in the op-
erating condition, measurements were only made after
the steady-state condition had been established again
and exit temperature of the cooling water had been
stabilized. The cooling water temperatures were mea-
sured with K-type thermocouples.

The local heat flux from the flame to the plate was
measured with a small ceramic heat flux transducer
having an effective size of 3 mm x 3 mm x 0.08 mm,
which was attached directly to the copper plate. Mea-
surements of the heat flux distributions in the x- and
y-directions were carried out by moving the burner posi-
tioner horizontally.

The surface temperatures of the impingement plate at
the flame side were measured with 14 T-type thermo-
couples. Each thermocouple was embedded in a small
hole, which was drilled from the rear of the copper plate
to within 1 mm of the impingement side. Two lines of
holes were drilled at distances away from the plate
center, and they were perpendicular to each other, such
that each thermocouple was spaced 15 mm apart from
another. A PC-acquisitor was selected to record the heat
fluxes and the plate temperatures simultaneously. The
value of each heat flux and surface temperature pre-
sented here was the average of the data taken consecu-
tively in 30 s at a rate of 500 samples/s.

3. Error analysis

The coordinate system used in the present study is
shown in Fig. 2. An error analysis was performed with
the method proposed by Kline and McClintock [42].
Using a 95% confidence level, the maximum and min-
imum uncertainties of the presented local heat flux
were 13.3% and 3.4%, respectively. Combining the
spatial uncertainty with the local heat flux uncertainty
resulted in an uncertainty range of 4.3-14.2% for the
area-averaged heat fluxes. Three tests with identical
operating conditions were conducted and the results
were found to be reproducible within these uncertainty
ranges. The results of these three tests were then av-
eraged.

Fig. 2. Coordinate system of the impingement plate.

4. Results and discussion

Flame shapes and heat transfer results were obtained
for laminar flames with a Reynolds number of 900 and
an equivalence ratio of 1. Effects of the S/d and H/d
ratios on flame shape and heat transfer rate of the im-
pinging flame jets were examined.

4.1. The flame shape

Photographs of impinging flame jets with small,
moderate and large jet-to-jet spacing (i.e., S/d = 2.6, 5,
7) under small H /d ratio of 2 and moderate H /d ratio of
5 are shown in Figs. 3-5. All the flames under consid-
eration were found to be laminar. The flame from each
single jet was observed to have a blue inner cone and a
light blue outer layer. Due to interference between the
jets, shapes of the center and the side jets were different.
Moreover, the flame shapes were also affected by the S/d
or H/d ratios.

It was found from Fig. 3(a) that for a small H /d ratio
of 2, the inner cones impinged on the plate and then
spread radially outwards. The deflected inner cone layers
of the three jets almost connected to each other along
the plate. The outer flame layers at the interacting side of
the side jets did not impinge upwards, but merged with
those of the center jet. There was a positive pressure at
each of the interacting side, which forced the jets to
move downwards and outwards. This resulted in the
merge of the outer layers at the interacting sides exhib-
iting a “W-shape” for the whole flame. When the H/d
ratio was increased to 5, it was found from Fig. 3(b) that
the outer layers of the three jets coalesced with each
other at the interacting side before impingement. The
inner cones just reached the plate with no deflection
observed. There was a slight outward shift of the tip of
the inner cone of the side jets observed, which was due to
the effect of the imbalance of the pressure between the
interacting and non-interacting sides. It was observed
from Fig. 3(c) and (d) that the wall jets spread in the
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Fig. 3. Photographs of impinging flame jets viewed from x-direction (a) Re = 900; S/d =2.6; H/d =2; ¢ =1 and (b) Re = 900;
S/d =2.6; H/d = 5; ¢ = 1. Photographs of impinging flame jets viewed from y-direction (c) Re = 900; S/d = 2.6; H/d = 2; ¢ = 1 and

(d) Re = 900; S/d = 2.6, H/d = 5, ¢ = 1.

Fig. 4. Photographs of impinging flame jets viewed from x-
direction (a) Re=900; S/d=5; H/d=2; ¢ =1 and (b)
Re=900; S/d=5H/d=5;¢=1.

y-direction after colliding with each other, which was
also due to the pressure difference between the inter-
acting zone and the ambient air. It could be observed
that as the H/d ratio was increased from 2 to 5, this
spent flow along the y-direction became less evident to
indicate a weaker between-jet interference.

When the S/d ratio was increased to 5, it was ob-
served from Fig. 4(a) and (b) that the between-jet in-
terference became weaker, comparing to that obtained
at the S/d ratio of 2.6 as shown in Fig. 3(a) and (b). It
was evident that for H/d = 2, the wall jets of the center
and side jets did not meet each other at the midpoint
between them, but at a point shifted outwards. When the

Fig. 5. Photographs of impinging flame jets viewed from x-
direction (a) Re=900; S/d=7, H/d=2; ¢ =1 and (b)
Re=900; S/d=7,H/d=15;¢p=1.

H/d ratio was increased to 5, this displacement of the
meeting point from the midpoint of the neighboring
jets became much smaller. This was due to the weaker
between-jet interference. When the S/d ratio was further
increased to 7, it was found from Fig. 5(a) that the
between-jet interaction was only observed at the H/d
ratio of 2. When the H /d ratio was increased to 5, this
between-jet interference was not observed and all the
three jets appeared to be a single jet respectively, as
shown in Fig. 5(b).

4.2. Heat transfer
Effects of the S/d and H/d ratios on the local and

area-averaged heat transfer rates from the impinging
flame jets were examined in the present study.
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4.2.1. Local heat transfer
4.2.1.1. Effect of the S/d ratio. The heat flux distribu-
tions under small and moderate H/d ratios of 2 and 5,
with small, moderate and large S/d ratios of 2.6, 5 and
7, are shown in Figs. 6 and 7 respectively. The com-
parison of the heat flux distribution along the impinge-
ment line (i.e., the x-axis) at different S/d ratio with
small and moderate H /d ratios of 2 and 5, are shown in
Fig. 8.

It was found from Fig. 6(a) that for a small S/d ratio
of 2.6 and a small H/d ratio of 2, the heat flux in the
center jet area was relatively low. It was due to the im-

pingement on the plate by the cold unreacted mixture in
the central core of the center jet. It was further shown in
Fig. 6(b) that there were altogether three locations of
relatively low heat flux, i.e., the quasi-circular heat flux
contour of the center jet and the quasi-elliptical contours
of the two side jets. These three cool areas were almost
connected with each other. For the side jets, it was found
that the heat flux contour tend to be semi-circular as the
radial distance from the jet center increased, which was
due to the weaker between-jet interference at position
far away from the central interacting zone. It was also
observed that the center jet had lost the characteristics of
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Fig. 6. (a) Three-dimensional heat flux distribution at Re =900, ¢ = 1, H/d =2 and S/d = 2.6. (b) Heat flux contour at Re = 900,
¢ =1,H/d=2and S/d = 2.6. (c) Three-dimensional heat flux distribution at Re = 900, ¢ =1, H/d =2 and S/d = 5. (d) Heat flux
contour at Re =900, ¢ =1, H/d =2 and S/d = 5. (e) Three-dimensional heat flux distribution at Re =900, ¢ =1, H/d =2 and
S/d =17. (f) Heat flux contour at Re =900, ¢ =1, H/d =2 and S§/d =17.
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Fig. 7. (a) Three-dimensional heat flux distribution at Re = 900, ¢ = 1, H/d = 5 and S/d = 2.6. (b) Heat flux contour at Re = 900,
¢=1,H/d=>5and S/d =2.6. (c) Three-dimensional heat flux distribution at Re =900, ¢ =1, H/d = 5 and S/d = 5. (d) Heat flux
contour at Re =900, ¢ =1, H/d =5 and §/d = 5. (e) Three-dimensional heat flux distribution at Re =900, ¢ =1, H/d =5 and
S/d = 7. (f) Heat flux contour at Re =900, ¢ =1, H/d =5 and S/d =T7.

a single jet, with no wall jet region formed because of the
small jet-to-jet spacing.

When the S/d ratio was increased to 5, it was found
from Fig. 6(c) that the heat flux distribution of the
center jet was similar in shape to that of a single jet,
which indicated that the between-jet interference was
weaker when the S/d ratio was not at a moderate value
of 5. The between-jet interference caused a higher heat
flux gradient at the interacting sides than the non-

interacting sides for all the three jets as shown in Fig.
6(d). This resulted in the quasi-rectangular heat flux
contour for the center jet, and quasi-oval shapes for the
side jets. It could also be found from Fig. 6(d) that the
heat flux contours of the center and the side jets did not
meet each other at the midpoint (i.e., X /d = 2.5) of the
two adjacent jets, but at a point of when X /d = 2.8. This
phenomenon was in agreement with that had been found
in the flame structure as shown in Fig. 4(a). As stated
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Fig. 8. Effect of S/d on heat flux distribution from flame to the plate at x-axis at (a) Re =900, ¢ =1, H/d =2 and (b) Re = 900,

d=1,H/d=>5.

before, the compressed heat flux contours at the inter-
acting sides were caused by the pressure difference.

When the S/d ratio was further increased to 7 from 5,
the between-jet interference was further reduced, as
shown in Fig. 6(e) and (f). Only a slight compression of
the heat flux contours was found at the interacting side
for all the center and side jets. The center jet exhibited
more characteristics of a single jet.

The heat flux distributions for the jets under a
moderate H/d ratio of 5 are shown in Fig. 7. It was
found that when the H/d ratio was increased to 5, the
cool central areas with low heat fluxes of the center and
side jets disappeared. On the contrary, the maximum
heat flux occurred in this central area for S/d =2.6, 5
and 7. It was found from Fig. 7(b) that very large heat
flux gradients existed between the two adjacent jets,
which led to more non-uniform heating in these areas.
When the S/d ratio was increased to 5 from 2.6, the heat
flux contour of the center jet was less compressed in the
x-direction. When the §/d ratio was further increased to
7, it was found from Fig. 7(f) that all the jets behaved
almost like a separate single jet.

Because of the symmetrical geometry at both sides of
the centerline of the center jet, only the heat flux dis-
tribution on the right-hand side has been presented in
Figs. 8, 9 and 11. Comparison of heat flux distributions
along the x-axis for different S/d ratio at a H/d ratio of
2 and 5 are shown in Fig. 8. It was found from Fig. §(a)
that with H/d = 2, the distribution curves for S/d > 5
were similar, with three peaks and three troughs existed.
The first peak occurred in the center jet and the other
two in the side jet. One trough occurred at the point
where the two spreading wall jets were meeting each
other, whereas the other two troughs occurred at the
centers of the center jet and the side jet. When
S/d = 2.6, only two peaks and two minimum points
were found because the deflected inner cone layers of the
center jet and the side jet met each other at a location
very close to the plate. An overlap of the peaks of the

center jet and the side jet occurred at the point where the
spreading wall jets were meeting each other at the in-
teracting side. This peak occurred at about S/d = 1.6
with a slight outwards shift from the between-jet mid-
point. It was also found that the peak heat flux of the
center jet and that of the side jet at the non-interacting
side were nearly equal to each other, but the peak heat
flux of the side jet at the interacting side was lower. It
was due to the positive pressure at the interacting zone
caused by the uneven flow of fuel/air mixture of the side
jet in the inward and outward directions with more
mixture flowing outwards. It was also found that loca-
tion of the between-jet minimum heat flux was not at the
between-jet midpoint, but at some distance shifted out-
wards as found in the flame photographs and the heat
flux contours.

When the H /d ratio was increased to 5, it was found
from Fig. 8(b) that all the four curves were of the similar
trend. Each of them had two peaks and one trough. All
the peak values occurred near the centers of the jets,
because the tips of the flame inner cones just reached the
plate as shown in Figs. 3(b), 4(b) and 5(b). The high
temperatures in this reaction zone enhanced the heat
transfer rate, resulting in the maximum heat flux at the
place where the inner cone tip of the flame contacted the
impingement plate. The minimum heat flux occurred at
the point where the spreading wall jets of the center and
the side jets were meeting each other, just as the case for
H/d = 2. This minimum heat flux increased with re-
ducing S/d. Tt was also found from Fig. 8(b) that for
S/d < 6, asymmetric heat flux distribution occurred on
the two sides of the side jet. The heat flux decreased
more quickly at the interacting side than the non-inter-
acting side, and this asymmetry became trivial when the
S/d ratio was increased to 7, which was also indicated in
the heat flux contours.

4.2.1.2. Effect of the H/d ratio. The comparison of the
heat flux distributions along the impingement line (i.e.,
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Fig. 9. Effect of H/d on heat flux distribution from flame to the plate at x-axis at (a) Re =900, ¢ = 1, S/d = 2.6 and (b) Re = 900,
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x-axis) under different H/d ratio with small and mod-
erate S/d ratios of 2.6 and 5 are shown in Fig. 9. It was
found from Fig. 9(a) that with small S/d ratio of 2.6, for
all the H /d ratios from 2 to 8, distinct difference between
the heat fluxes were only found at x/d < 4. This indi-
cated that the H /d ratio had almost no influence on heat
transfer in the late wall jet region of x/d > 4. Three
kinds of distribution trend were found. The first one was
for the curves obtained at H/d < 3, with the occurrence
of two peaks and two troughs. The two troughs oc-
curred at the center of the center and the side jets. The
first peak was due to the merge of the peaks of the center
and the side jets at the interacting zone. Lower heat flux
was associated with lower H/d because of the suppres-
sion of combustion. When the H /d ratio was increased
to 4, three peaks and three minimum points were found.
Due to weaker between-jet interference, the two peaks
which had been merged at lower H/d ratio were sepa-
rating into distinct peaks and at the same time gener-
ating a minimum heat flux between them. When H/d >
5, the distribution curves were similar with two peaks at
the jet centers and one minimum heat flux at the jets’
meeting point. When the H /d ratio was larger than 5, a
gradual reduction of heat flux was found.

The comparison of the effect of H/d ratio on heat
transfer with moderate S/d ratio of 5 is shown in Fig.
9(b). It was found that the heat flux difference between
different H/d ratios was obscure when x/d > 7. Mini-
mum heat fluxes with similar values occurred at the
points where the two wall jets were meeting each other
(i.e., x/d = 2.5), for all the flames with the H/d ratios
ranged from 2 to 8. Two types of distribution trend were
observed. The first one was occurred when H/d <4,
where three peaks and three minimum points were
found, which had been discussed before for the case at
H/d = 2. The influence of the cool central core became
weaker when the H/d ratio was increased, which was

indicated by the gradual increase of the first and the
third minimum points, and the outward shifting of the
first peak and the inward shifting of the second peak.
When the H/d ratio reached 5, the maximum heat flux
was obtained at both the stagnation points of the center
and the side jets. The heat flux began to decrease grad-
ually when the H/d ratio was further increased, as the
case at S/d = 2.6. This reduction was only evident in
both the impingement regions of the center and the side
jets, as shown in Fig. 9(b).

4.2.2. Average heat flux

The average heat flux deserves more concern in many
practical applications. The surface-averaged heat fluxes
were obtained by integrating the local values of the
center jet, the side jets and the total jet array, respec-
tively. The main purpose is to compare the heating ca-
pabilities of both the center and the side jets under
different S/d and H /d ratios. The integrating areas were
both square with a side length of S as shown in Fig.
10(a), which was the same to that selected by Huber [2]
in his study of multiple impinging air jets. The area-
averaged heat flux was obtained by

q:i//;qu:—f" b ‘?(;’y)dxdy (1)

The area-averaged heat fluxes of the center jet, the side
jets and the total jet array, with different S/d ratios of
2.6, 5 and 7, and different H/d ratios of 2 and 5, are
shown in Fig. 10(b).

It was found that at a certain S/d ratio, the average
heat flux at the H/d ratio of 2 was lower than that at the
moderate H /d ratio of 5. It was because the cool central
core with low heat flux occurred at H/d =2, and dis-
appeared when the H/d ratio was increased to 5. It was
found that at H/d =2 and S/d = 2.6, a large difference
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Re =900 and ¢ = 1.

in average heat flux between the center jet, the side jets
and the total jet array was obtained. The average heat
flux of the side jet unit was the largest and that of the
center jet unit was the lowest. This is because the be-
tween-jet interference induced heat transfer suppression
is much accentuated when both the H/d and S/d ratios
are low. The center jet suffered from this interference at
both two sides, but it was only one side for the side jet,
thus the average heat flux of the center jet unit was
lower. When the S/d ratio was increased to 5, the same
trend was still observed except that the difference be-
came much smaller. This is because at the moderate S/d
ratio of 5, the between-jet interference is weak, which led
to a weak overall interference compared to that at the
S/d ratio of 2.6, and therefore the average heat flux
difference became smaller. When the S/d ratio was fur-
ther increased to 7, there was almost no difference be-
tween the average heat flux as the difference was within
the uncertainty range. It indicated that the heating ca-
pabilities of the center jet and the side jets were almost
the same when the S/d ratio was large enough. This is
because a very weak between-jet interference is experi-
enced at the large S/d ratio of 7. It was observed that
when the H /d ratio was at a moderate value of 5, rather
trivial average heat flux difference was found for all the
S/d ratios being considered. Furthermore, these differ-
ences were within the uncertainty range. This indicated
that at a small H/d ratio of 2, heating capacities of the
center and the side jets were different at small and
moderate S/d ratios. However, when the H/d ratio was
at a moderate value of 5, heating capacities of the center
and the side jets were similar at the S/d ratios being
investigated.

It was also found that for both H /d ratios of 2 and 5,
the maximum average heat flux occurred at S/d = 5.
Further increase or decrease of the S/d ratio reduced the
average heat flux. This variation trend was in agreement
with the characteristics of multiple impinging air jets
obtained by Obot and Trabold [16] and Huber [2].

4.2.3. Comparison with single jet

To examine the difference in heat transfer charac-
teristics between a single flame jet and the in-line three-
jets system, experiments were performed with a single
flame jet under similar conditions. The two typical H/d
ratios of 2 and 5 were selected. The local heat flux dis-
tribution along the x-axis of a single jet was compared to
that of the multiple jets with a S/d ratio of 7, as shown
in Fig. 11. It was found from Fig. 11(a) that at H/d =2
both stagnation point and maximum heat fluxes were
enhanced with the multiple jets, with the maximum heat
flux increased almost by 50%. The maximum heat flux
also increased by more than 50% at H/d = 5, as shown
in Fig. 11(b). This heat transfer augmentation was due
to the enhanced turbulence in the between-jet area.
Carcasci [43] found that two types of vortex were oc-
curring in the between-jet area, which increased the
turbulence significantly, and thus the combustion and
heat transfer.

Comparison of the stagnation point heat flux of the
center jet with those of a single jet obtained experi-
mentally and semi-analytically is shown in Fig. 12. The
semi-analytical solution of the stagnation point heat flux
of a single circular flame jet was obtained from the fol-
lowing equation, according to Tariq [44]:

g =0.7634" (p)"* (Pre) **
x {1+ (Ley — 1) Menempt | Aheg ) Aheg 2)

Assuming Lewis number to be unity, Eq. (2) can be re-
written as:

g = 07638 (pp)" (Bre) Aheg
=0.763"* (pp)" (Pre) " *°Ce,, (T. — T, (3)

Based on the potential flow solution for flow normal to a

disk [45]:

B = 4u/nD (4)
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It was observed from Fig. 12 that the stagnation point
heat flux of the center jet in the three-jet array was al-
ways greater than that of a single jet for the H/d ratios
ranged from 2 to 8. The heat flux difference between the
experimental result and the semi-analytical solution was
small when H/d <4, but such difference became larger
when H/d = 5. This is because the Lewis number aug-
mentation has been ignored in the semi-analytical solu-
tion. When H /d < 4, the flame temperature was lower at
the stagnation point because of the direct impingement
of the cold unreacted gas and the Lewis number aug-
mentation effect was not significant. However, the flame
temperature at the stagnation point increased greatly at
H/d =5 due to the occurrence of the reaction zone

around this point. The augmented heat transfer in the
dissociation-recombination process was evident, and the
Lewis number was deviated from unity. The Lewis
number was maintained unity in the semi-analytical
solution, which resulted in the bigger difference between
the experimental result and the semi-analytical predic-
tion.

5. Conclusions

1. A positive pressure will be formed at the between-jet
interacting zone when two adjacent jets meet and col-
lide with each other. This pressure causes the flow in
the interacting zone to move downwards and out-
wards, where a relatively low atmospheric pressure
existed. As a result, the spreading wall jets of the cen-
ter and the side jets do not meet each other at the
between-jet midpoint, but at a location some distance
shifted outwards. Moreover, the local heat transfer
distributions on the two sides of a side jet are asym-
metric.

2. The between-jet interference reduces the heat transfer
in the interacting zone. This heat transfer depression
effect becomes stronger when the S/d and H/d ratios
are small. More fuel/air mixture are flowing outwards
from the side jet, resulting in a lower maximum heat
transfer at the interacting side and a faster reduction
of the local heat transfer rate than that at the non-
interacting side.

3. Small H/d and S/d ratios also reduce the area-aver-
aged heat flux. This depression becomes more evident
when both the H/d and S/d ratios are small. The
highest heat transfer is obtained when both the H/d
and S/d ratios are at a moderate value of 5, at which
both the local and maximum heat fluxes are reaching
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their maximum values. The lowest area-averaged heat
flux is obtained when H/d =2 and S/d = 2.6.

4. In a row of three-jet systems, the stagnation and the
maximum heat fluxes of both the center and the side
jets are greater than those of a single jet operating
with the same experimental conditions, which indi-
cates an enhanced heat transfer capabilities of a flame
jet in an jet array.
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