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Heat Transfer Characteristics
of a Radial Jet
Reattachment Flame

A Radial Jet Reattachment Combustion (RJRC) nozzle forces primary combustion
air to exit radially from the combustion nozzle and to mix with gaseous fuel in a
highly turbulent recirculation region generated between the combustion nozzle and
impingement surface. High convective heat transfer properties and improved fuel/
air mixing characterize this external mixing combustor for use in impingement flame
heating processes. To understand the heat transfer characteristics of this new innova-
tive practical RIRC nozzle, statistical design and analysis of experiments was utilized.
A regression model was developed which allowed for determination of the total heat
transfer to the impingement surface as well as the NO, emission index over a wide
variety of operating conditions. In addition, spatially resolved flame temperatures
and impingement surface temperature and heat flux profiles enabled determination
of the extent of the combustion process with regards to the impingement surface.
Specifically, the relative sizes of the reaction envelope, high temperature reaction
zone, and low temperature recirculation zone were all determined. At the impingement
surface in the reattachment zone very high local heat flux values were measured,
This study provides the first detailed local heat transfer characteristics for the RIRC
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nozzle.

Introduction

Flame jet impingement is an often utilized method for heat
treating processes involving, for example, metals and glass, and
it offers several advantages over traditional radiative furnaces.
First, since convection heat transfer is significant, very rapid
and intense heating is possible. Secondly, direct transfer of the
energy from combustion to the surface eliminates the need for
radiative refractory materials. Lastly, the process becomes more
fuel efficient with the elimination of heat transfer losses associ-
ated with the heat-up of radiative furnaces.

A review by Viskanta (1993 ) of the limited number of inves-
tigations involving single round impinging in-line jet (ILJ)
flames showed that the major disadvantage of impinging flame
jets was the nonuniform surface heat flux and temperature distri-
bution near the jet stagnation point. A novel approach to the
solution of these problems involved changing the aerodynamics
of the impinging flame jet through an application of Radial Jet
Reattachment (RJR) nozzles (Page et al., 1989). Extension of
the RJR concept for flame jet impingement applications resulted
in a Radial Jet Reattachment Combustion (RJRC) nozzle (Ha-
betz et al., 1994; Mohr et al., 1995, 1996). A typical air flow
pattern for either a nonreacting RJR nozzle or a reacting RIRC
nozzle is depicted in Fig. 1. The internal air stream of the RJR
or RIRC nozzle forces air to exit the nozzle in an outward radial
direction. Viscous mixing and mass entrainment causes the exit-
ing air jet to turn toward the impingement surface, where it
impinges in a highly turbulent reattachment ring centered about
the nozzle. Previous studies have shown that this reattachment
region has very high convective heat and mass transport proper-
ties (Page et al., 1989). The size of the ring-shaped stagnation
region is dependent upon the air exit velocity (V), the air exit
angle (9), and the nozzle-to-plate spacing (X,/R,). The air exit
velocity at a given flow rate is controlled by the gap width (b/
R,) between the large circular disk and the end of the air pipe.
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Within the reattachment ring, a subatmospheric pressure recir-
culation region is created. As shown in Fig. 1, a RIRC nozzle
is created from a typical RJR nozzle by introducing gaseous
fuel radially into the recirculation region, ensuring that the fuel
does not directly impinge upon the surface. The net force ex-
erted on the impingement surface by an RJRC nozzle can be
negative, null, or positive depending on the air exit angle of the
nozzle. An air exit angle () of 10 deg was machined into the
upper disk of the RIRC nozzle, so a slight positive force upon
the impingement surface in the reattachment ring was expected.

The present work is a follow-up of the Mohr et al.’s (1996)
work, where the combustion characteristics of a large prototype
RIRC nozzle were presented. In that work, the RIRC concept
was compared to a standard in-line jet (ILJ) flame impingement
nozzle. The RJIRC nozzle showed slightly higher overall heat
transfer to the impingement surface than the ILJ nozzle, with
both nozzles operating over a large range of fuel equivalence
ratios. In addition, the RJRC nozzle produced a circumferen-
tially symmetric surface temperature distribution and exerted
very little force upon the impingement surface. Compared with
the RJRC nozzle, the ILJ nozzle produced a nonsymmetric sur-
face temperature distribution and the maximum surface pressure
with combustion was more than six times the RJRC nozzle
surface pressure. Combustion specie data obtained from a single
radial location for the two nozzles revealed lower levels of
carbon monoxide and NO, for the RJRC nozzle. Since this
study was based on overall global heat transfer and combustion
measurements, no localized data on flame temperature, surface
heat flux, or combustion specie concentrations were obtained.

The present work adds to the basic understanding of the
RIRC concept through an investigation of a smaller practical
RJIRC nozzle more suitable for possible implementation into an
industrial process. Statistically designed experiments are uti-
lized, and the data from these experiments are used to determine
a regression model by which the heat transfer and NO, forma-
tion characteristics of the RJIRC nozzle can be predicted. In
addition, localized heat transfer data (flame temperatures, im-
pingement surface temperature profile, and impingement sur-
face heat flux distribution) are determined for the RJRC nozzle
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Fig. 1 RJRC nozzle and representative flow field

operating at an ideal condition. These data are utilized to deter-
mine the relative sizes of the RJIRC reaction, recirculation, and
reattachment zones.

Experimental Apparatus and Procedure

The combustion jet impingement facility, consisting of a sup-
port structure, combustion nozzle, and impingement surface is
shown schematically in Fig. 2. The flame impingement surface
is @ 6.35 mm thick, 0.836 m? copper plate, which is uniformly
cooled by a water heat exchanger in contact with the backside
of the copper plate. The total heat transfer rate to the surface
on an integral basis was determined by measuring the cooling
water flow rate and its change in temperature, with the cooling
water flow rate held constant at 22.7 liters/min. All measure-
ments were obtained under steady-state, wherein the exit tem-
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Fig. 2 Combustion jet impingement facility

perature of the cooling water ceased to change following a
change in burner operating conditions. The change in tempera-
ture (typically about 4.0°C) was measured using thermistor
thermometers with an accuracy of +0.2°C. In order to provide
a measure of the efficiency of the combustion process, the rate
of heat transfer (g) to the surface was normalized by the rate
of energy available from the fuel input to the system (g,). The
resulting variable was designated as the heat transfer ratio, R,.
The total available energy rate was determined by multiplying
the heating value of the working gas by its flow rate. The
working gas in this study was utility natural gas (90 percent
methane) having a heating value of 61,594 kJ/kg.

Impingement surface local heat flux was measured with a
single Vatell Corporation factory calibrated HFM-2 heat flux
sensor mounted flush with the front side of the impingement
surface as shown in Fig. 2. This 0.2 mm wide line sensor is
mounted on a 25.4 mm OD, 6.35 mm thick aluminum nitride
substrate. The depth of the sensing pattern is 2 pm, making it
nearly invisible to any boundary layer flow across the sensor.
The HFM-2 sensor is cooled from the backside in an identical
manner as the rest of the copper plate. Measurement of the heat
flux profile along the impingement surface was possible by
moving the RIRC flame horizontally. Each local heat flux mea-
surement was the average of 14,336 data points sampled at a
rate of 500 samples/second. Flame temperatures were measured
using a 50 pm diameter Type S bare wire thermocouple with
an accuracy of =1.5°C, The measured flame temperatures were
corrected for convection and radiation effects according to
Bradley and Matthews (1968) and Boyer (1990). Reported
mean temperatures represented the average of 12,300 tempera-
ture readings recorded at a rate of 2000 samples/second.

Nomenclature

b/R, = RIR nozzle exit gap width,

dimensionless
Dy = fuel pipe inside diameter = 5.1
mm Gy =
ENO, = NO, emission index, (g NO,/kg =
fuel) R, =

H = distance measured from im-
pingement surface, mm
IL] = in-line jet
MW = molecular weight, g/mol
n = average number of carbon atoms
in fuel structure per mole of fuel
= 1.05

12.7 mm

tion
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g = plate heat transfer rate, kW
gy = fuel heating capability, kW
g" = local heat flux, W/m?
area averaged heat flux, W/m?>
radial location, mm
air supply pipe inside radius =

Re = fuel Reynolds number (based on
Dy), dimensionless
RJR = radial jet reattachment
RJIRC = radial jet reattachment combus-

R, = heat transfer ratio = ¢/g;,
percent
V = air exit velocity, m/sec
X,/R, = nozzle-to-plate spacing, dimen-
sionless
W = dependent variable
[ ] = concentration, mol/cm?
0 = air exit angle = 10 deg
® = fuel equivalence ratio = (Fuel/
Air Ratio),.ua/(Fuel/Air Ra-

tio )smichiometric
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The near-surface temperatures of the impingement surface
were measured with K-type thermocouples (20 AWG) with a
calibrated accuracy of *0.5°C. Twelve thermocouples spaced
254 mm apart were silver-soldered to the bottom of holes
drilled from the rear of the copper plate to within 1.5 mm of
the impingement side. A single pressure tap was drilled through
the copper plate near the center of the copper plate, as shown
in Fig. 2. Surface pressure profiles were possible by moving
the support structure, i.e., flame, horizontally while the surface
remained stationary. A variable reluctance differential pressure
transducer, with an accuracy of +0.25 percent full scale, was
connected to the pressure tap by flexible tubing. The average
local gage pressure was calculated from 2048 samples taken at
a rate of 200 samples/second.

Combustion specie concentrations were collected from the
flame region through a 4.0 mm ID, 6.0 mm OD quartz iso-
kinetic gas sampling probe as outlined by Mohr (1996). The
overall emission index of NO, (ENO,) was determined from
the measured quantities of CO, and NO, (NO + NO,), respec-
tively, and is shown in Eq. 1.

n[NO,]MWyo,1000
ENO, = [ ] NO,
[COZ]MqueI

(1)

This index expresses the grams of NO, produced per kilogram
of fuel burned and best characterizes the emissions from open
system diffusion flames (Turns and Lovett, 1989; Junus et al.,
1994; Rgkke et al., 1994). A complete emissions mapping
(Mohr, 1996) with respect to r/R, at a given value of H/R,
showed the NO, emission index to be invariant with /R, and
H/R,. Therefore, the statistical model emissions data were ob-
tained at H/R, = 0.8 at a nondimensional radial distance of »/
R, = 36, just prior to the point where the combustion gases
were drawn into the exhaust duct.

Error Analysis. Using the method of Kline and McClin-
tock (1953), the uncertainty in heat transfer ratio was 10.2
percent, while the uncertainty in fuel equivalence ratio (based
on the metered air and fuel flow rates) was 4.0 percent. The
minimum and maximum uncertainties in the surface heat flux
profile were 1.4 and 11.4 percent, respectively. The impinge-
ment surface pressure coefficient profile had minimum and max-
imum uncertainties of 2.6 and 12.8 percent, respectively. The
minimum and maximum uncertainties in the surface tempera-
ture measurements were 3.0 and 7.4 percent, while the flame
temperatures showed an uncertainty range of 0.25-4.0 percent.

Several runs at identical operating conditions were conducted
and averaged. The standard deviation of the heat transfer ratio
was 1.37 percent. Within the stagnation region, the minimum
and maximum standard deviations in local heat flux values were
2.3 and 15.9 percent of the reported mean heat flux values.
Repeatability data for the plate surface temperature measure-
ments showed minimum and maximum standard deviations to
be 0.7 and 2.8 percent, respectively. Repeatability data for the
combustion gas concentrations yielded standard deviations of
0.53, 1.45, 14.6, and 6.0 percent of the mean values for O,,
CO,, CO, and NO, measurements, respectively.

RJRC Flame Characterization

In combustion systems utilizing natural gas, a compromise
exists between maximizing heat transfer and minimizing pol-
lution formation. Minimum levels of CO are present when
flame temperatures are high, since the conversion of CO to
CO; is enhanced by higher temperatures. However, higher
temperatures also promote the formation of thermal NO,
compounds, so one must sacrifice some level of heat transfer
(i.e. flame temperature) to attain the desired low levels of
NO, compounds.
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Statistical Design. Based on previous studies (Habetz et
al., 1994), four major factors affect the heat transfer and
pollution formation processes for the RIRC combustion noz-
zle: (1) fuel Reynolds number (Re), (2) fuel equivalence
ratio (), (3) nozzle air exit width (b/R,), and (4) nozzle-
to-plate spacing (X,/R,). The primary air flow rate is built

* into the definition of ®. Habetz et al. (1994) conducted lim-

ited investigations of the effects of each of these factors, but
those experiments were conducted by setting all but one of
the variables at a constant value and testing over a range of
the remaining variable. Utilizing such an experimental
method requires a large number of experimental runs and
does not give information about the possible interaction be-
tween factors. Attempts to use nondimensional analysis in
constructing an empirical heat transfer correlation for RIRC
performance were not completely successful (Habetz et al.,
1994), and there exists great difficulty in numerically model-
ing the highly turbulent reacting system. Therefore, a statisti-
cal model was used to bridge the gap between purely empiri-
cal and purely analytical models through a relatively small
number of experimental runs. The power of using designed
experiments is that one can construct a statistical mode] that
is easy to use and yields valuable performance data useful to
a process operator or designer.

Previous investigations (Mohr et al., 1996) showed nonlin-
ear trends in heat transfer and pollution formation as func-
tions of fuel equivalence ratio and fuel Reynolds number,
so a traditional 2% (k factors at 2 different levels) factorial
experimental design would be inappropriate in modeling any
nonlinear responses. A third level would be required to pick
up any quadratic or higher order nonlinear behavior. The
difficulty in adding a third level is that 3 runs would be
required to fully investigate four experimental factors at three
different levels. In order to reduce the total number of experi-
mental runs from 81 to 27, a Box-Behnken (Box and Behn-
ken, 1960) experimental design method for four factors was
used. This design is similar to a four factor Central Composite
Design (Hogg and Ledolter, 1992), but with six fewer experi-
mental runs. One other advantage of a Box-Behnken design
is that it lends itself well to fitting higher order quantitative
models to experimental data.

Statistical Models. The levels of each of the four main
factors were chosen based on several criteria, Lean blow-out
data set the lower limits on the fuel Reynolds number (Re) and
® at 5253 and 1.0, respectively. The upper limits of these two
variables were determined based on the limitations of the small
RJIRC nozzle to safely operate. Within these limits, each vari-
able (Re and ®) could be varied independently of each other
and still maintain a stable flame. The values of nozzle-to-plate
spacing, X,/R,, were chosen in order to maintain flame stability
at the different levels of the other variables. The range of exit
gap width, b/R,, represents the minimum and maximum open-
ings possible with the current RIRC nozzle construction. The
levels of each of the four factors are listed in Table 1. Note
that the intermediate level of each variable is determined from
the arithmetic average of the upper and lower limits, respec-
tively.

Based on the data obtained from the 27 runs in the Box-
Behnken design, a second order regression analysis was applied
using commercially available statistical software. The resulting

Table 1 Box-Behnken design factor levels
Factor Low Level Medium Level High Level
[ 1.0 1.5 2.0
Re 5253 8855 12456
X, /R, 0.79 1.18 1.57
b/R, 0.12 0.26 0.40
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regression equation for a particular dependent variable, W (R,
or ENQ,), was constructed according to the format of Eq. 2,
wherein the first order, interaction, and second order terms are
all considered.

W=C + C® + Ci(X,/R,) + CbIR, + C5 Re + Ccb?
+ C(P)(X,/R,) + Co(®)(B/R,) + Co(P)(Re)
+ Cm(X,,/R(,)2 + C (X,/R,)(b/R,) + Cy(X,/R,)(Re)
+ Ci3(b/R,)* + Ciu(b/R,)(Re) + Cis Re* (2)

Statistical analysis revealed that not all of the coefficients in
Eq. 2 were statistically significant at a 95 percent confidence
level, so it was possible to reduce the number of terms in Eq.
2 considerably. Equations 3 and 4 show the resulting expres-
sions for R,, and ENQO,, respectively, as well as the correlation
coefficients for each expression. The high correlation coeffi-
cients (R?) demonstrate that the models are accurately describ-
ing the variability in the data.

R, (percent) = ~86.4 + 51.80 + 1946/R, + .00927 Re
~ 11202 — 266(b/R,)* — 4.8 X 1077 Re?
R? = 95.9 percent  (3)
ENO, = 1.36 — 0.448% —~ 1.87b/R, — 1.07 X 10™* Re
+ 0.969(®)(b/R,) + 6.1 X 1073(P)(Re)
+ 1.73 X 107*(b/R,)(Re) R?* = 93.4 percent (4)

The statistical analysis revealed that the heat transfer ratio,
R,, was dependent upon the first and second order terms, and
independent of the interaction among variables. Some interac-
tion terms were important for ENO,, while the second order
terms were not important. For both response variables, though,
the effect of nozzle-to-plate spacing (X,/R,) was statistically
insignificant. This finding is in contrast to studies with ILJ
flame jets where the nozzle-to-plate spacing greatly affected the
impingement surface heat transfer (Baukal and Gebhart, 1995a,
1995b; Viskanta, 1993; Rigby and Webb, 1995). Additional
experimental data within the range of parameters were obtained
in order to test the ability of the model to predict heat transfer
and pollution formation with the RIRC nozzle. The differences
between all experimental data and the model were less than 7.6
and 11.5 percent for R, and ENO, values, respectively. These
statistical methods allow for the development of a powerful,
yet simple equation which accurately predicts the RIRC nozzle
performance.

Heat transfer results from the statistical model are shown in
Fig. 3 and indicate that as the air exit gap width, b/R,, increases,
percent heat transfer to the impingement surface increases. One
reason for this behavior is that a larger value of b/R, results in
a slower air exit velocity, allowing more time for the fuel and
air to fully mix and react. Also, the slower air jet velocity
creates a longer residence time for the reacting gasses flowing
along the surface following impingement. For larger values of
b/R,, the amount of heat transfer to the impingement surface
was quite significant, where up to 50 percent of the available
fuel energy was transferred to the impingement surface. The
quadratic trend with respect to Re suggests that R, can be in-
creased by increasing the amount of fuel supplied to the system
up to Re = 9656, after which an increase in Re causes a decrease
in R,. A continual increase in Re will lead to an eventual de-
crease in R, due the fixed size of the impingement surface. For
a constant value of Re, the fuel equivalence ratio was increased
by decreasing the air flow rate, and hence, the air velocity.
Figure 3 shows that percent heat transfer increases with increas-
ing ® at a constant value of Re. The lower air flow velocities
associated with higher @ results in the same effect on R, as
increasing b/R,, as discussed above. Finally, these values of
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overall heat transfer compare quite well with other flame jet
impingement studies such as Rigby and Webb (1995).

Ideal Condition Results

A procedure outlined by Mohr (1996) was utilized to deter-
mine the ideal operating conditions of the RIRC nozzle in terms
of maximizing heat transfer and minimizing NO, emissions. The
results of that procedure yielded the following ideal operating
conditions: Re = 8855, & = 1.0, and b/R, = 0.29. Since the
nozzle-to-plate spacing, X,/R,, was not a significant factor in
either the heat transfer or ENO, considerations, the mid-range
value of X,/R, = 1.18 was selected for further testing. The
following results and discussion correspond to the RIRC nozzle
operating under these ideal operating conditions.

Flame Temperatures. Figure 4 shows the corrected tem-
peratures for the RJIRC flame. These six flame temperature pro-
files were obtained with the thermocouple probe held at six
fixed distances from the impingement surface. The support
structure (i.e., the flame) was moved horizontally, correspond-
ing to radial measurement with respect to the flame. Due to
the symmetry of the RIRC flame (Mohr et al., 1996), radial
measurements were obtained from only one circumferential lo-
cation. The radial flame temperature profiles for H/R, = 0.4
and 0.8 were able to reach completely to the nozzle center-line,
while the minimum radius for the other profiles was limited by
the outer radius of the RIRC nozzle. With the RIRC nozzle,
the maximum flame temperature at H/R, = 0.4 was approxi-
mately twice that of the flame centerline temperature. A round
flame jet for a methane/air mixture at a fuel Reynolds number
of 7000 also resulted in a centerline flame temperature which
was about half the maximum temperature (Milson and Chigier,
1973). The nozzle-to-plate spacing used with their round flame
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was 8.5 times larger than the nozzle-to-plate spacing used with
the RIRC nozzle. Because of the cool central core of unreacted
fuel present in round flame jets, a larger reaction zone (larger
X,/R,) is required compared with the RIRC nozzle to achieve
the same flame temperature at the nozzle centerline. The recircu-
lation region at the centerline of the RIRC nozzle distributes
the fuel and air more uniformly, allowing combustion to take
place at the nozzle centerline without having to increase the
size of the reaction zone by increasing the nozzle-to-plate spac-
ing. The maximum measured flame temperature of Milson and
Chigier’s (1973) premixed flame was less than 2.0 percent
higher than the maximum temperature measured at H/R, =
0.4 in the present study. This result suggests that this partially
premixed RJRC nozzle is operating essentially as a premixed
burner.

The location of the reattachment ring is manifested by the
steep gradients on both sides of the maximum flame tempera-
tures for profiles where H/R, = 1.6. It can be seen that the
peak temperature moves radially outward with decreasing H/
R,, due to expansion of the air jet as it leaves the RJIRC nozzle.
This air jet expansion creates a larger oxygen-rich reaction zone
in which combustion can occur, causing the radial width of the
reaction zone to increase with decreasing H/R,. For H/R, >
1.6, the low temperatures indicate that no combustion is oc-
curring, and suggest that the reaction zone is limited to H/R,
= 1.6. The change in slopes of the flame temperature profiles
suggests that the combustion process is nearly complete at r/
R, =~ 10.

Surface Heat Flux. The impingement surface local heat
flux and the area averaged heat flux defined by Eq. (5) as
functions of radial location are shown in Fig. 5.

riR
2 f q"[r/R,1d[r/R,]

4]
m[r/R,1? )

/-
q avg —

Also shown in Fig. 5 is the flame temperature profile for H/R,
= 0.4 and the impingement surface temperature distribution.
The shape of the local heat flux profile, very closely mirrors
the flame temperature profile with the exception that the maxi-
mum flame temperature occurs at a slightly smaller radial loca-
tion than the maximum heat flux. This small difference in radial
location is possibly due to the fact that the flame temperature
was measured 5 mm from the impingement surface.

The data from Fig. 5 are extremely important. First, the high
heat flux (~140 kW/m?) within the reattachment region under
the given operating conditions shows that very intense heating
is- possible with the RIRC nozzle. Even higher local heat flux
values would be possible if one were to increase the fuel flow
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rate. The average heat flux profile calculated from Eq. 1 shows
a significant drop beyond r/R, = 10. This area-averaged heat
flux profile is important when considering the optimal spacing
between nozzles in an array configuration. The integrated local
heat flux values calculated from Eq. 6 were compared to the
overall heat transfer to the impingement surface, measured by
the sensible heat gain of the cooling water.

r/R":28
qg =127 f q"[r/R,]d{r/R,}

0

(6)

This integrated heat transfer rate was 13 percent lower than the
measured overall heat transfer rate. These differences can be
attributed to the fact that the heat flux data were possible to be
measured up to r/R, = 28, whereas edge of the water-cooled
impingement surface is located at #/R, = 36. In fact, when the
slope of the local heat flux profile is extrapolated out to the
edge of the impingement surface (r/R, = 36), the difference
in the integrated and measured heat transfer rates is less than
ten percent.

RJRC Flame Map. The characteristics of the RIRC flame
have been mapped by combining the data from Figs. 4 and 5
with surface pressure and combustion specie data (Mohr, 1996)
for the RJRC nozzle operating under same the ideal conditions.
These data are plotted in Fig. 6, where all the nondimensional
terms are in relative proportion to each other and the RIRC
nozzle. Several distinct features of the RIRC flame are con-
tained within Fig. 6. The reaction envelope, where the gas tem-
peratures are all above 540°C, is located within the boundary
of the shaded regions. Glassman (1987) reports that the sponta-
neous ignition temperature of a methane/air mixture is 540°C.
Since the natural gas fuel utilized in this study is over 90 percent
methane, it is reasonable to assume that its ignition temperature
will be close to the ignition temperature of methane. Hence,
any region at or above 540°C is likely to contain reacting com-
bustion gases. It is important to point out the gap between the
shaded region and the impingement surface (0 < H/R, < 0.4).
No flame temperature measurements were obtained in this re-
gion due to spatial limitations and concern in damaging the fine
wire thermocouple probe. The same explanation applies to the
gap between the shaded region and the top of the RJRC nozzle
for 0 < r/R, < 0.75.

The main high temperature reaction zone occurs along the
boundary of the moving primary air as it exits the RIRC nozzle
and contacts the fuel stream. The higher mass flow rate of air
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Fig. 5 Impingement surface heat flux and temperature distributions for

the RJRC flame operating at Re = 8855, ® = 1.0, X,/R, = 1,18, b/R, =
0.29; flame temperatures measured at H/R, = 0.4
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relative to the fuel forms the outer boundary of the reaction
zone and directs the flame jet toward the impingement surface.
As fuel and air react in the small zone between the fuel and air
streams, the very high temperature (>1700°C) reaction zone
forms over the distance 2.5 < r/R, < 4.0 for 0.4 < H/R, <
0.8 (see also Fig. 4). The combustion specie profiles (Mohr,
1996) confirmed the location of this high temperature reaction
zone. The maximum concentration of CO, CO,, and NO,, as
well as the minimum concentration of O,, were all located at
a single location in the horizontal plane at H/R, = 0.8, namely
r/R, = 3.0. At this location, the high temperatures promoted
near-stoichiometric combustion concentrations of CO, and O,,
respectively. A lower temperature ( >1200°C) reaction zone is
also present over the distance 2.00 < r/R, < 5.25. Except for
a small region in the vicinity of 1.50 < r/R, < 2.75, the com-
bustion specie profiles at H/R, = 1.2 revealed very little chemi-
cal reactions, as also shown by the low ( <540°C) flame temper-
atures in Fig. 6.

The relatively low temperature recirculation zone is located
between the nozzle and the impingement surface. This region
is identified by the fact that the temperatures were at or above
800°C but less than 1200°C. The reattachment zone on the
impingement surface is clearly marked by the maximum values
of surface temperature, surface pressure, and surface heat flux.
Note that the width of the relatively thin reattachment zone is
approximately 0.75 r/R,, corresponding to 9.5 mm, As dis-
cussed above with regard to flame temperatures, the spreading
of the flame jet prior to and following reattachment is shown
in Fig. 6, as evidenced by the presence of the reaction envelope
at radii both smaller and larger than the radial location of the
reattachment zone.

Energy Balance. Energy from the RJRC flame is either
transferred to the impingement surface, convected out of the
system with the spent combustion products, or radiated to the
surroundings. The magnitude of each of these losses was deter-
mined by Mohr (1996) for the RIRC nozzle operating under
the same ideal condition as discussed previously. The results
showed that 70 + 8.5 percent of the fuel input energy was
convected out of the impingement system in the form of hot
combustion gases. The +8.5 percent deviation in the convected
energy value is a result of the approximate 12.0 percent overall
uncertainty of the convected energy measurements and calcula-
tions. The total heat transfer to the impingement surface calcu-
lated from Eq. 3 was 32 + 3.0 percent of the fuel input energy.
Radiation from the flame to the surroundings was estimated
based on a blackbody radiation exchange between the flame
and the ambient surroundings. These calculations revealed that
the radiation heat transfer from the flame to the surroundings
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was about 4.0 percent of the fuel input energy supplied to the
system. Since the energy convected out of the system and trans-
ferred to the surface appear to account for most of the energy
available from the fuel input, it can be concluded that radiation
from the flame to the surroundings is negligible.

Conclusions

This study was undertaken in order to understand the heat
transfer characteristics of a practical RIRC nozzle. Overall heat
transfer to the impingement surface depended upon the fuel
equivalence ratio, air exit gap width, and fuel Reynolds number.
The nozzle-to-plate spacing did not significantly affect the over-
all heat transfer to the impingement surface. However, for a
given nozzle-to-plate spacing, high nozzle centerline flame tem-
peratures were achieved, and the maximum flame temperature
and the width of the reaction zone both increased with decreas-
ing distance, H/R,, from the impingement surface.

Impingement surface heat flux was very high in the reattach-
ment region, while the area averaged heat flux profile identified
the possible optimal spacing for future use of RIRC nozzles in
array configurations. The relative sizes of the RJRC reaction
envelope, high temperature reaction zone, and the reattachment
zone were also determined. Calculations revealed the radiation
from the flame to the surroundings to be negligible. As a result,
the fuel energy was either transferred to the impingement sur-
face or convected out in the combustion product gases. In sum-
mary, this study provided the first detailed information regard-
ing the heat transfer characteristics of the RIRC nozzle.
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