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Abstract

Experimental studies were performed to study the heat transfer characteristics of an impingement flame jet system
consisting of a premixed butane/air circular flame jet impinging vertically upward upon a horizontal rectangular plate at
laminar flow condition. There were two impingement plates manufactured with brass and stainless steel respectively
used in the present study. The integrated effects of Reynolds number and equivalence ratio of the air/fuel jet, and dis-
tance between the nozzle and the plate (i.e. nozzle-to-plate distance) on heat transfer characteristics of the flame jet sys-
tem had been investigated. The influence in using impingement plate with different thermal conductivities, surface
emissivities and roughnesses on heat flux received by the plate was examined via comparison, which had not been
reported in previous literatures. A higher resistance to heat transfer had been encountered when the stainless steel
impingement plate of lower thermal conductivity was used, which led to a significantly lower heat flux at the stagnation
region. However, the heat flux distribution in the wall-jet region of the plate was only slightly affected by using different
impingement plates. Because of the significantly lower heat transfer, more fuel was not required to consume and existed
at the stagnation region of the stainless steel impingement plate, which would be burned latter in the wall-jet region to
release its chemical energy and enhance the local heat flux there.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Jet impingement heat transfer has been well estab-
lished as a high-performance technique for heating,
cooling and drying processes due to its very high heat
and mass transfer. The high heat transfer associated
with impinging isothermal gaseous jets has been well rec-
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ognized and investigated for several years [1-8]. Com-
pared to the considerable amount of investigations on
gaseous jets, relatively few studies have been performed
on the impinging flame jets, even though they are al-
ready widely applied for many industrial and domestic
purposes [9-12]. The rarely availability of reports on
the studies concerning with heat transfer characteristics
of the impinging flame jets in the literatures may be
due to their complexity, which may involve convection,
conduction, radiation and thermo-chemical heat release
(TCHR).
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Nomenclature
d diameter of the circular nozzle (m)
H distance between the nozzle and the

impingement plate (m)
AlF air/fuel ratio

M molecular weight (kg/kmol)

Re Reynolds number

r radial distance from stagnation point
(m)

T temperature (K)

Y molar fraction

Greek symbols

u dynamic viscosity (m?/s)

o density (kg/m®)

¢ equivalence ratio

Subscripts

exit at the exit position

i mixture component including fuel and gas
mix air/fuel mixture

stoic stoichiometric state

Most of the previous studies on impingement flame
jet had been concentrated on circular jet utilizing meth-
ane or natural gas [13-18]. Baukal and Gebhart [19]
found that the heating process of premixed impingement
flame jet usually comprised multiple heat transfer mech-
anisms. In their study, polished, untreated and black-
ened surfaces were used to investigate the effect of
surface emissivity. Conclusion was then made that both
non-luminous radiation and thermo-chemical heat re-
lease were only small fraction of the total heat flux. With
the use of enhanced-oxygen/natural-gas flame impinging
normal to a plate [20], thermal efficiency of the system
decreased with the firing rate. The heat flux was in-
creased by 54-230% when oxygen content in the oxidizer
was increasing from the normal condition of 0.21-0.30
and then to 1.00. Besides, the peak heat flux occurred
at the different positions on the impingement plate.

According to the studies of Dong et al. [21-23], the
premixed butane/air laminar flame jet impingement heat
transfer was dependent on Reynolds number and equiv-
alence ratio of the air/fuel jet, and configurations of the
air/fuel nozzle and the impingement plate. Effects of noz-
zle shape (i.e. circular or slot) and inclination of the
impingement plate on heat transfer characteristics of
the system had been studied. The slot flame jet was
found to produce more uniform and higher average heat
flux than the circular flame jet. A significant amount of
unburned fuel existed at the stagnation region of the
impingement plate when the nozzle-to-plate distance
was too small (i.e. H/d <2), which shifted the location
of maximum heat flux away from the stagnation point.
In a similar study, Kwok et al. [24] suggested the impor-
tance in matching the flame length with the nozzle-to-
plate distance to achieve the best heat transfer
performance.

Most of the previous investigations about impinge-
ment flame jet system were conducted with impingement
plate of excellent thermal conductivity, such as copper,
brass and aluminum. Investigation conducted with
impingement surface of relatively low thermal conduc-

tivity, for example steel, had only been rarely reported
[25-28], even though it is already widely used in many
applications. Besides, the flame type applied in investiga-
tions [25-28] was rather deviated from that of the
present study, i.e. premixed flame for domestic applica-
tions. When thermal conductivity of the impingement
plate is decreased, its conduction will be reduced due
to the increased thermal resistance and the heat transfer
characteristics of the impinging flame jet system may be
significantly different. In addition, surface emissivity and
roughness of the impingement surface will be affected
when it is fabricated with different materials, which
may also influence its radiation and convection to a cer-
tain extent.

The present experimental work was carried out to fill
this gap. Influence on the heat transfer characteristics of
an impinging premixed butane/air circular flame jet by
changing the impingement plate was studied via com-
parison. There were two impingement plates fabricated
with different materials, i.e. brass and stainless steel,
respectively, for the present study. The two horizontally
placed square impingement plates had the same shape
and size, but different thermal conductivities, surface
emissivities and roughnesses. Experiments were
performed at a wide range of Reynolds number and
equivalence ratio of the air/fuel jet, and various nozzle-
to-plate distances.

2. Experimental setup and procedures

The present impingement flame jet system consisted
of two parts: the heat generation system and the heat
absorption system, which was shown in Fig. 1(a) In
the heat generation system, a circular duct of an inner
diameter of 9 mm and a length of 330 mm, was used
as the nozzle (i.e. flame holder) as shown in Fig. 1(b).
Metered compressed air and butane gas were premixed
in a brass cylinder and then delivered to a cylindrical
brass equalizing chamber via a 90 mm long stainless
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Fig. 1. (a) Schematic of the experimental setup. (b) Coordinate system. (c) Sketch of the burner of the impingement flame jet system.

steel tube. The equalization chamber, as shown in Fig.
1(c), was fully filled with very small stainless steel beads
to ensure a uniform flow and avoid flashing back of the
flame. The air/fuel mixture was then supplied to and ig-
nited at the rim of the flame holder by a portable torch.
Inner surface of the flame holder had been polished to
facilitate a more uniform exit velocity profile. The pre-
mixed chamber, stainless steel tube, equalization cham-
ber and circular nozzle were assembled and fixed on a
three-dimensional positioner so that the flame could be
moved to any desired position relative to the impinge-
ment surface.

For the present heat absorption system, there were
two horizontal square impingement plates of 400
mm X 400 mm x 5 mm fabricated with brass and stain-
less steel, respectively. Nominal value of the thermal
conductivity was obtained from Ref. [29]. Surface emis-
sivity was recorded with a Minolta spot infrared ther-
mometer (model: 505) with an accuracy of £2%. The
thermometer gave the surface emissivity when the re-
corded temperature was equal to that measured by a
T-type thermocouple at the same location and time.
Surface roughness was measured experimentally with
an accuracy of *2% using the method suggested by
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Thomas [30]. The properties of the two plates were
measured to be:

Materials Brass Stainless steel

Thermal 111.0 15.0
conductivity (W/mK)

Surface emissivity 0.38 0.55

Surface roughness (pm) 1.035 5.188

The back of the impingement surface was uniformly
cooled by a water jacket, whose top was covered by a
transparent plastic plate to facilitate visualization. A
thermally insulated water tank with a cross-section of
550 mm X 550 mm and a height of 650 mm was used
to supply the cooling water at a constant temperature
of 35 °C to the water jacket via a water pump. There
were two T-type thermocouples installed to measure
the inlet and outlet temperatures of the water jacket.
The total heat transfer from the flame jet to the impinge-
ment plate could be determined by measuring the cool-
ing water’s flow rate and its temperature rise by
passing through the water jacket. In order to achieve
repeatability, measurements were only made under stea-
dy condition.

The local heat flux on the impingement surface was
measured by a ceramic heat flux transducer of 4
mm x4 mmx0.8 mm in size with an accuracy of
+3% according to the pre-delivery calibration per-
formed by the manufacturer, which was attached at
the centre of the flame-side of the plate. The heat flux
sensor was fitted into a small recess of the plate so that
it was flush with the plate surface. Together with its
very small dimension, installation of the heat flux sen-
sor should provide rather negligible influence on the
flow. The radial heat flux distribution on the impinge-
ment plate was measured by moving the 3-D positioner
horizontally in the r-direction as shown in Fig. 1(b).
The flame-side surface temperatures of the impinge-
ment plate were measured via a thermo-junction, which
was located at a distance of 30 mm from the centre
of the heat flux transducer. At the thermo-junction, a
T-type thermocouple was embedded in a small and
non-through hole, which was drilled from the rear of
the impinging plate, and the joint head of the thermo-
couple was at a 1 mm distance from the flame-side of
the plate. Due to the use of a circular nozzle and a
metal impingement plate whose properties were iso-
tropic, the surface temperatures and flame temperatures
were measured along one radial direction only because
of the assumption of axisymmetry. Flame temperatures
were measured in the flame, right below the location of
the thermo-junction, with a portable B-type thermo-
probe whenever necessary. The maximum flame tem-
perature at this spot was found to be 1400 K, which

was only used to support the assumption of negligible
radiation.

Experiments were conducted to compare the heat
transfer characteristics of the two different impingement
plates impinged by a premixed butane/air circular lami-
nar flame jet operating at the same condition. Tests were
first performed at six different jet Reynolds numbers
(Re) of 500, 800, 1000, 1200, 1500, 1800 at a constant
equivalence ratio (¢) of unity and a constant nozzle-
to-plate distance (H/d) of 5. The influence of equivalence
ratio was then investigated with its value fixed at 0.9,
1.0, 1.1 and 1.2 at a constant Re of 1000 and a constant
HJd of 5. The influence of nozzle-to-plate distance was
then investigated with the H/d ratio fixing at 3, 4, 5, 6
and 7 at a constant Re of 1000 and a constant ¢ of unity.
In addition, flame shapes at different experimental con-
ditions were recorded with a digital camera.

3. Analyses of experimental data and errors

The coordinate system used in the present study was
shown in Fig. 1(b). The total heat flux received by the
impingement plate was recorded with the heat flux
transducer. According to Baukal and Gebhart [19],
non-luminous radiation was negligible when compared
to convection, which was the situation applied to the
present study. On the one hand, the richest equivalence
ratio adopted in the present investigation was only 1.2,
and on the other hand, the maximum flame temperature
was just around 1400 K. Under such experimental con-
ditions, the assumption of non-luminous radiation was
found valid according to previous investigations [21—
24]. In fact, there was no soot deposition found on the
flame-side surface of the impingement plate after con-
ducting a series of experimental studies. Besides, surface
emissivity of the brass plate was rather similar to that of
the stainless steel plate therefore radiation was assumed
to be negligible in the present work. In addition, both
impingement plate surfaces had very small roughness
and they were considered as very smooth. The effect of
roughness on the convection could therefore be assumed
negligible as suggested by Kang et al. [31].

The flame jet’s Reynolds number was evaluated
based on the air/fuel mixture as:

:uexitdpmix
Re =212 1
Himix ( )
where um;x was calculated according to Ikoku [32] as:
. :Z(:u[Yi\/Mi) (2)
mix Z(Yl /_MI)

The equivalence ratio, ¢, is commonly used to
indicate quantitatively the mixture strength of a fuel-oxi-
dizer mixture (i.e. fuel-rich, fuel-lean, or stoichiometric),
and is defined as:
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Three individual tests were conducted at every pre-
fixed operation condition. The three sets of data re-
corded were then averaged to ensure the repeatability
and reliability of the presented experimental results.
An uncertainty analysis had been carried out with the
method proposed by Kline and McClintock [33]. The
maximum and minimum uncertainties in surface tem-
perature measurement were 6.1% and 1.9%, whereas
those for the heat flux measurement were 7.6% and
2.9%.

4. Experimental results and discussions

Local heat flux received by the two different impinge-
ment plates from the pre-mixed butane/air circular flame
jet, which was operating with the same experimental
condition, were obtained. Influence of using different
impingement plates on the heat transfer characteristics
of the impinging flame jet system under various Rey-
nolds numbers and equivalence ratios of the air/fuel
jet, and nozzle-to-plate distances, were discussed in
detail.

4.1. Influence of impingement plate under various Rey-
nolds numbers

The Reynolds numbers (Re) selected were 500, 800,
1000, 1200, 1500 and 1800 to ensure a laminar flow con-
dition, whereas the equivalence ratio (¢) =1 and the
nozzle-to-plate distance (H/d) = 5. All the flames under
investigation presented a rather complete luminous
inner reaction cone as shown in Fig. 2, whose length in-
creased with Re as suggested by Dong et al. [21] and
Kwok et al. [24]. There was no significant difference ob-
served from the flame shape by changing the brass plate
to stainless steel plate.

The local heat flux distribution along the radial direc-
tion of the impingement plate starting from the stagna-
tion point was shown in Fig. 3. The variation of
maximum local heat flux with Re was shown in Fig. 4.
In general, the heat transfer performance was enhanced
with Re for both impingement plates. According to
Kwok et al. [24], length of the luminous inner reaction
zone would be increased by increasing Re or ¢, therefore
the hottest inner reaction zone of the flame became clo-
ser to the impingement surface when H/d was kept con-
stant. The same relationship between inner reaction zone
length of the flame and Re was observed in the present
study as shown in Fig. 2. As suggested by Hargrave
et al. [17], a maximum heat flux would be occurred close
to the flame’s inner reaction zone because of the large
concentration of reactive species there, which enhanced

the convective heat transfer by their diffusion and exo-
thermic recombination on the impingement surface.
The heat transfer characteristics of the impinging flame
jet system were therefore enhanced with the increasing
Re.

It was also observed that location of the maximum
heat flux was not occurred at the stagnation point of
the impingement plate but shifted outwards at some dis-
tance along its radial direction. Such outward shifting of
the location of maximum heat flux was increased with Re
and became more significant for the stainless steel plate.
According to Dong et al. [21], a relatively cool zone con-
sisting of unburned fuel occurred at stagnation region of
the impingement plate when the combustion was not
complete at the tip of the luminous inner reaction zone,
which led to a suppression of local heat flux at the stag-
nation point. Chemical energy obtained from further
combustion of this unburned fuel at some radial distance
beyond the stagnation point would result in a maximum
local heat flux there. As the length of the luminous inner
reaction zone was increased with Re, less space was avail-
able for the combustion to become fully complete, which
led to the existence of a larger amount of unburned fuel
at the stagnation region to enhance this shifting.

The local surface temperature distribution along the
radial direction of the impingement plate starting from
the stagnation point was shown in Fig. 5. There were
two main points observed from Fig. 5. First, an outward
shift of the maximum temperature was clearly observed,
especially for the stainless steel plate. Such observation
supplemented the existence of a relatively cool zone
caused by the unburned fuel around the stagnation re-
gion, in particular for the stainless steel plate of lower
thermal conductivity. Second, the lower thermal con-
ductivity of the stainless steel plate had led to a relatively
poor conduction and consequently a higher plate
temperature.

The maximum local heat flux was lowered signifi-
cantly from 310 to 165 kW/m? (i.e. a reduction of
88%) at Re = 1800, when the brass plate was replacing
by the stainless steel plate due to the lower thermal con-
ductivity and hence the higher thermal resistance
encountered. Calorific value of the butane gaseous fuel
could be assumed to be rather constant and therefore
less fuel was consumed to produce the lower heat trans-
fer, and more unburned fuel was then obtained at the tip
of the luminous inner reaction zone. Such phenomenon
led to a more significant suppression of local heat flux at
the stagnation point of the stainless steel impingement
plate. As more unburned fuel was consumed progres-
sively beyond the stagnation region, location of the max-
imum heat flux would be shifted further away from the
stagnation point.

As shown from Fig. 3, the difference in local heat flux
at the wall-jet region was rather small between the brass
and stainless steel impingement plates. The wall-jet
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Re=800(brass plate) Re=800(stainless steel plate)
Re=1200(brass plate) Re=1200(stainless steel plate)
Re=1500(brassplate) Re=1500(stainless steel plate)

Fig. 2. Flame shapes under different Reynolds numbers (H/d =5, ¢ = 1.0).

region was identified as the region within (0 < r/d < 5), The minimum local heat flux received by the brass
and the local heat flux would decrease to an almost con- plate at Re = 1800 was 30 kW/m?, but was 25 kW/m?>
stant and very low value away from this region. The for the stainless steel plate and the reduction was only
same method had been applied in previous studies [21- 20%. The progressive combustion of more unburned fuel

24]. in the wall-jet region provided a positive effect to en-
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hance the heat transfer characteristics of the stainless
steel impingement plate, which had compensated the ad-
verse effect due to its lower thermal conductivity to a
certain extent.
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Fig. 5. Local surface temperature distribution on impingement
plate under different Reynolds numbers.

A small exception was obtained with the stainless
steel impingement plate, it was observed from Fig. 3 that
the maximum heat flux at Re = 1500 was slightly higher
than that at Re =1800 around the stagnation region,
which seemed not inline with the general trend. It should
be noted that the length of the luminous inner reaction
zone would increase with Re, and the spacing available
for combustion of the flame to become complete was
then reduced when the nozzle-to-plate distance was
maintained unchanged. Together with the larger amount
of unburned fuel at the stagnation region of the stainless
steel impingement plate, the relatively cool zone at the
tip of the luminous inner reaction zone was enhanced
to give a larger suppression on the local heat transfer
at the stagnation point of the plate. However, with the
further combustion of the larger amount of unburned
fuel beyond the stagnation point, heat flux at the wall-
jet region became higher at Re = 1800.
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4.2. Influence of impingement plate under various equiv-
alence ratios

The local heat flux distributions on the two impinge-
ment plates in the radial direction starting from the stag-
nation point with ¢ keeping at 0.9, 1.0, 1.1 and 1.2,
respectively, were shown in Fig. 6 at Re = 1000 and H/
d=5. The equivalence ratios were selected to cover the
fuel-lean, stoichiometric and fuel-rich flames. In general,
the heat flux received by the impingement plate was en-
hanced rather monotonically when ¢ was increased
from 0.9 to 1.2 because of the same reason as explained
in Section 4.1. However, effect of changing ¢ from 0.9 to
1.2 to enhance the shifting of the location of maximum
heat flux from the stagnation point of the impingement
plate was rather insignificant.

The situation was slightly different at the stagnation
region of the stainless steel impingement plate. The heat
flux received at the stagnation point of the plate was al-
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Fig. 6. Local heat flux distribution on impingement plate under
different equivalence ratios.

most the same when ¢ was increased from 0.9 to 1.0 and
1.1, with the fuel-lean flame jet (i.e. ¢ = 0.9) producing a
slightly better heat transfer performance. However, a
rather significant reduction of the heat flux at the stag-
nation point of the impingement plate occurred with
the most fuel-rich flame jet (i.e. from 64 kW/m? at ¢
=0.9-39 kW/m? at ¢ = 1.2 giving a reduction of 64%).
It was again due to the particular heat transfer charac-
teristics of the stainless steel impingement plate as ex-
plained previously, i.e. existence of a larger amount of
unburned fuel at the tip of the luminous inner reaction
zone. Use of a richer air/fuel mixture of ¢ = 1.2 would
certainly enhance the relatively cool zone at the stagna-
tion region of the impingement plate, which led to a lar-
ger suppression of the local heat flux. It was evident
from Fig. 6 that, a higher heat flux was occurred at
the wall-jet region with the higher ¢ of 1.2, which was
obtained from further combustion of the more un-
burned fuel.

4.3. Influence of impingement plate under various nozzle-
to-plate distances

The heat flux received by the two impingement plates
at different H/d ratios of 3, 4, 5, 6 and 7 were shown in
Fig. 7 at Re=1000 and ¢ =1. As observed from the
flame shapes recorded by the digital camera, the lumi-
nous inner reaction zone was rather complete even when
the smallest H/d ratio of 3 was used. Actually, Kwok
et al. [24] suggested that the H/d ratio should be greater
than 2, in order to ensure a rather complete conical
shape of the luminous inner reaction zone at
Re =1000 and ¢ = 1. In general, the heat flux on the
plate decreased by increasing the H/d ratio in the stagna-
tion region. However, difference between the heat trans-
fer performances at the wall-jet region was rather
insignificant when the H/d ratio was increased from
3to7.

For the brass impingement plate, shifting of the loca-
tion of maximum heat flux from the stagnation point
was almost constant for a large range of H/d ratios be-
tween 3 and 7. The heat flux received by the plate at both
the stagnation region and the wall-jet region increased
very slightly and linearly when the H/d ratio was de-
creased from 7 to 4. However, there was a significant in-
crease of the heat flux at the stagnation region at H/d = 3
(i.e. 226 kW/m? at H/d = 4 whereas 273 kW/m? at H/
d =3, giving an increase of 21%). Hargrave et al. [17]
suggested that a maximum heat transfer would be
caused by the large concentration of reactive species
existing at the tip of the flame’s luminous inner reaction
zone (i.e. the flame front), which enhanced the convec-
tion by their diffusion and exothermic recombination
on the impingement surface. Such activities were extre-
mely significant when the separation between the flame
front and the impingement surface was not excessively
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Fig. 7. Local heat flux distribution on impingement plate under
different nozzle-to-plate distances.

large (i.e. at H/d =3). When this separation became
large enough (i.e. at H/d > 4), effect of such activities
on the heat flux received by the impingement plate was
less important.

For the stainless steel impingement plate, shifting of
the location of maximum heat flux from the stagnation
point slightly increased and the heat transfer perform-
ance increased slightly and linearly at the wall-jet region
when the H/d ratio was reduced from 7 to 3. Concerning
about the heat flux received at its stagnation region, the
situation was rather different from that of the brass
impingement plate. The maximum heat flux obtained
at H/d =3, 4 and 5 were rather similar but significantly
higher than those at H/d =6 and 7. This special phe-
nomenon had been explained in the above paragraph
as the diffusion and exothermic recombination of the
reactive species on the impingement surface. However,
due to the special heat transfer characteristics of the
stainless steel impingement plate of having a larger

amount of unburned fuel at the tip of the flame’s lumi-
nous inner reaction zone, such activities were enhanced
and maintained significant even the H/d ratio was in-
creased from 3 to 5.

5. Conclusions

Experiments were performed to study the influence of
using impingement plate of different materials (i.e. brass
and stainless steel) on the heat transfer characteristics of
a premixed butane/air circular laminar flame jet, which
was emitting vertically upward to impinge normally on
the horizontal rectangular plate. The integrated effects
of Reynolds number and equivalence ratio of the bu-
tane/air jet and the nozzle-to-plate distance on heat
transfer characteristics of the flame jet system had been
studied. Comparisons between the heat flux received by
the two impingement-plates having different thermal
conductivities, surface emissivities and roughnesses,
under a wide range of Re, ¢ and H/d, were made. The
major conclusions of the present study could be drawn
as following:

1. Thermal conductivity of the impingement plate pro-
vided the major influence on the heat transfer from
the flame jet to the plate. Heat flux received by the
stainless steel impingement plate was significantly
lower due to the higher thermal resistance resulted
from its lower thermal conductivity. The maximum
local heat flux was decreased from 310 to 165 kW/
m? at Re = 1800, ¢ = 1 and H/d = 5, when the brass
plate was replacing by the stainless steel plate. Such
phenomenon was particularly notable in the stagna-
tion region, but became less significant in the wall-
jet region of the impingement plate. The minimum
local heat flux received by the brass plate was 30
kW/m? at Re = 1800, ¢ = 1 and H/d = 5, but was 25
kW/m? for the stainless steel plate at the same
conditions.

2. Because of the use of very smooth surfaces for both
materials, effect of surface roughness of the impinge-
ment plate on the convection between the flame jet
and the plate had not been ascertained.

3. Non-luminous radiation was assumed due to the rea-
sons as mentioned and therefore radiation was rather
negligible when compared to convection. In addition,
surface emissivities of the two impingement plates
were quite close to each other (i.e. 0.38 and 0.55).
In the present study, effect of surface emissivity of
the impingement plate on the heat transfer character-
istics of the impinging flame jet system had not been
fully identified.

4. Use of an impingement plate of lower thermal con-

ductivity led to a larger suppression of the heat flux
at its stagnation point and enhanced the outward
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shift of the location of maximum heat flux from
there. Because of the lower heat transfer from the
flame jet to the impingement plate of lower thermal
conductivity, less fuel was only needed to consume
and more unburned fuel was then obtained at the
tip of the flame’s luminous inner reaction zone. Exist-
ence of a larger amount of relatively cool unburned
air/fuel mixture led to a more significant suppression
of the local heat flux at the stagnation point of the
stainless steel plate. As more unburned fuel was con-
sumed progressively beyond the stagnation region,
location of the maximum heat flux would be shifted
further away from the stagnation point due to the
additional chemical energy.

5. At the wall-jet region, heat transfer was essentially
from the hot combustion gas to the impingement
plate whereas that from the diffusion and exothermic
recombination of the chemically reactive species was
less significant. Therefore, a small difference was
found between the heat flux received by the brass
and stainless steel plates.
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