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Abstract—Total radiation measurements for oxygen-enhanced/natural gas diffusion flames are reported

here. The parameters that were studied included the oxidizer composition (Q = 0.25-1.00), the burner

firing rate (g = 3-28 kW), the equivalence ratio (¢ = 0.55-1.45), and the axial (L, = 0.5-6.5) and radial

(D, = 0.4-1.0) position of the radiometer. The measured radiation ranged from 10 to 65 kW m~2 The

nozzle Reynolds numbers ranged from 480 to 10 300. The location of the peak flame radiation ranged from

9 to 15% of the visible flame length. The stability limits and visible flame heights are also reported for a
burner with a wide operating range. © 1997 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

For direct flame impingement heating, six modes of
heat transfer have been identified in previous studies
[1]. These modes include conduction (steady-state and
transient), convection (forced and natural), ther-
mochemical heat release (equilibrium, catalytic and
mixed), radiation (nonluminous, luminous, and sur-
face), condensation, and boiling (internal and exter-
nal). Viskanta notes that fundamental knowledge is
lacking for the relative importance of radiation vs
forced convection in flame impingement heat transfer
[2]. That issue is considered here.

Oxygen-enhanced flames use an oxidizer that has a
higher concentration of O, than is normally found in
air (Q = 0.21). This is the first study of radiative heat
flux from oxygen-enhanced natural gas jet flames. The
objectives of this work were: (1) to design a burner
capable of using an oxidizer ranging from air to pure
0, (Q =0.21-1.00) ; (2) to determine if nonluminous
flame radiation is important in flame impingement
heating; (3) to determine how nonluminous flame
radiation is influenced by the oxidizer composition,
the fuel flow rate, and the equivalence ratio ; and (4)
to determine how the radiation measurements are
influenced by the radiometer location.

NONLUMINOUS FLAME RADIATION

Tien and Lee [3] have reviewed flame radiation.
Viskanta and Mengiig¢ [4] reviewed radiation in com-
bustion systems, including flame radiation. Both of
these reviews primarily considered radiation modeling
from both nonluminous and luminous flames. Other
related reviews have been given [5-7]. These have
emphasized luminous radiation which is important in
fires. The effects of oxygen-enhanced combustion were
not considered in any of the above reviews.

The combustion of hydrocarbon fuels produces,
among other things, CO, and H,0. These gaseous
products generate nonluminous or gaseous radiation
which has been extensively studied (e.g. [8]). This heat
transfer mode depends on the gas temperature, the
partial pressure and concentration of each species,
and the molecular path length through the gas [9]. It
is also wavelength dependent. This type of radiation
is the primary subject of the research presented here.

Table 1 shows the flame impingement studies that
have considered nonluminous radiation. More
detailed information about the experimental con-
ditions [10} and about the experimental methods and
data [11] are given elsewhere. Kilham and co-workers
used a thermopile normal to the surface of heated
refractory cylinders [12, 13]. The measured radiation
was the sum of the radiation from the combustion
products flowing around the cylinder and from the
cylinder surface. Two screens with narrow slit open-
ings were placed between the flame and the detector
to limit the field of view to a small region around the
heated cylinder. Kilham [12] found that the non-
luminous radiation to the cylinder ranged from 5 to
16% of the total heat flux. However, Jackson and
Kilham {13] determined that nonluminous radiation
never exceeded 5% of the total heat flux. Since the
total flux ranged from 20 to 107 kW m~2, the non-
luminous radiation would not have exceeded 5.4 kW
m~2 Dunham [14] measured total heat fluxes from
41 to 95 kW m~2 The nonluminous radiation was
calculated to be up to 13% of the total flux. Therefore,
it would not have exceeded 12 k€W m ™2,

Shorin and Pechurkin [15] used a steady-state
cooled gage to measure the total heat flux from
impinging flames. The gage was imbedded flush with
the surface of a large plane surface. To determine the
importance of radiation, gages with polished, oxidized
and blackened surfaces were tested. The lowest flux
was expected to be measured for the polished gage
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NOMENCLATURE
d diameter ¢ equivalence ratio = (stoichiometric
D dimensionless diameter = d/d, oxygen/fuel volume ratio)/(actual
! length oxygen/fuel volume ratio)
L dimensionless length = //d, 0 view angle.
gma  radiant heat flux
gr burner firing rate (kW)
Re  Reynolds number. Subscripts
f flame
Greek symbols max rad axial location of peak flame
Q oxygen enrichment ratio = oxygen radiation
volume in the oxidizer/total oxidizer n nozzle
volume r radiometer.

which reflects most of the radiation. Higher fluxes
were expected with the oxidized and blackened gages
which are better absorbers. However, no difference in
the measured heat flux was found. It was concluded
that radiation was not important for those exper-
imental conditions.

Purvis [16] found that the calculated nonluminous
flame radiation was negligible compared to the total
heat flux which ranged from 950 to 1500 kW m~2
Hoogendoorn et al. [17] measured total heat fluxes
ranging from 0 to 560 kW m~2. Flame radiation was
said to be, at most, 5% of the total heat flux. There-
fore, it would not have exceeded 28 kW m~2. No
radiation measurements or calculations were given.
Davies [18] measured total heat fluxes ranging from
330 to 3400 kW m ™2, Using an estimated flame emiss-
ivity of 0.01, the calculated nonluminous radiation
was said to be only 2% of the total flux. Therefore, it
would not have exceeded 68 kW m~2. Ivernel and
Vernotte [19] calculated the radiation from oxygen-
enhanced natural gas flames. The flame emissivity was
estimated using the measured temperature and gas
concentrations along with the Hottel charts [8]. The
calculated flame radiation was from 7 to 34% of the
total measured heat flux to the hemi-nosed cylinder.
Van der Meer [20] stated that the flame radiation
in his study was negligible because of the very low
emissivity of a thin hot gas layer. No supporting cal-
culations were cited.

In most of the previous studies, nonluminous flame
radiation was found to be negligible compared to the
total heat flux from an impinging flame. Only the
studies by Davies [18] and Ivernel and Vernotte [19]
considered oxidizers other than air or pure O,. The
nonluminous flame radiation was not measured in
either study. The maximum reported radiant flux of
90 kW m~2 was for a pure O, oxidizer.

OXYGEN-ENHANCED FLAMES

For industrial burners, a fossil fuel is typically com-
busted with air. Air contains approximately 21% O,

and 79% N, by volume. However, only the O, in the
air actively participates in the chemical reactions. The
N, is mostly a diluent which can also lead to harmful
NO, pollutant emissions. The combustion process
may be enhanced by using oxidizers with higher con-
centrations of O,. One result is an increase in the
adiabatic flame temperature as shown in Fig. 1.
Higher flame temperatures lead to higher productivity
in heating processes. Other common benefits of using
oxygen-enhanced flames include higher thermal
efficiencies, higher burner turndown ratios, improved
flame stability, lower exhaust gas volumes, and lower
pollutant emissions [21].

For hydrocarbon flames, nonluminous radiation
comes exclusively from carbon dioxide and water
vapor [3]. Another important result of enhancing
flames with oxygen is the change in the concentrations
of CO, and H,0, as Q increases. The predicted volume
concentrations of CO, and H,O are shown in Fig. 2.
This plot is for the adiabatic equilibrium, stoi-
chiometric combustion of the natural gas used in this
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Fig. 1. Predicted flame temperature vs oxidizer composition
(N,+0O,), for the adiabatic equilibrium combustion of the
natural gas used in this study.
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Fig. 2. Predicted CO, and H,0 mole fractions vs oxidizer
composition (N,+0,), for the adiabatic equilibrium com-
bustion of natural gas.

study. Higher gas temperatures and concentrations of
CO, and H,0 are both important in nonluminous
flame radiation. Nonluminous radiation measure-
ments do not appear to have been made for oxygen-
enhanced free jet flames. Viskanta [22] feels that
knowledge of radiation in those flames is lacking. The
results presented here consider that issue.

EXPERIMENTAL APPARATUS

Burner

One task of this research was to design a burner
that could operate on natural gas with oxidizers rang-
ing from air to pure O,. A number of burners were
fabricated generally consisting of concentric rings of
evenly distributed small diameter fuel tubes [23]. A
variety of oxidizer hole patterns were tested ranging
from a series of concentric holes drilled through a
thin plate, to a completely open oxidizer passage (no
plate). Both diffusion and premixed configurations
were tested. In addition, several burners were pur-
chased and tested, along with modifications.

The burner that had the widest operating range
was a modified version of a model number ICSM
35 manufactured by Nordsea Gas Technology Ltd
(Cheshire, England). The water-cooled burner body
was made of hastalloy. The effective nozzle diameter,
d,, was 38.5 mm. The matrix of mixture outlet pairs
consisted of three concentric rows surrounding one
central pair. Each mixture outlet pair consisted of a
square tube located inside a round tube, which created
two passages. The fuel gas flowed through the inner
passage which was the internal cross-sectional area of
the square tube. The oxidizer flowed through the outer
passage which was the area between the internal diam-
eter of the round tube and the outer cross-sectional
area of the square tube. Details of the burner geometry
are given elsewhere [23]. The burner was fired ver-
tically upward into a large exhaust hood.
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Fig. 3. Burner operating regime.

The original burner was primarily designed to oper-
ate with a pure O, oxidizer. The burner was modified
by adding additional oxidizer ports. These were
required because of the added volume as more N, was
included in the oxidizer. The original burner had a
slightly fuel rich zone in the center of the burner. To
make the flame more uniform, the oxidizer holes in
the center of the burner were larger than the outer sets
of holes. One of the key aspects of the burner design
was the uniform, nearly one-dimensional flame that it
produced.

The natural gas used for this study had the fol-
lowing typical composition by volume : 95.278% CH,,
2.539% C,H,, 0.544% C,Hjg, 0.197% C,H,,, 0.068%
CsH,,, 0.028% C¢H,4, 0.020% C,Hi4, 0.005% CgH,g,
0.869% CO,, 0.417% N,, 0.023% H,, 0.008% He,
0.002% Ar and 0.002% O,. The higher heating value
was 38.66 MJ m~>. The specific gravity was 0.588. For
stoichiometric combustion (¢ = 1), 2.044 moles of
O, were required for each mole of natural gas. The
adiabatic flame temperature for this fuel combusted
with air and with pure O, was 2230 and 3060 K,
respectively. The oxidizer was made by blending O,
(>99.5% purity) with N, (>99.998% purity).

The natural gas, O,, and N, flows were measured
with Hastings model HFC-203 mass flow meters. The
natural gas and O, meters had ranges of 0~170 and 0—
340 m® min~"' at STP, respectively. The low and high
flow N, meters had ranges of 0-170 and 0-1360 m®
min~"' at STP, respectively. The meters were accurate
to 1% of their full scale reading.

Figure 3 is a plot of the burner stability limits as a
function of the firing rate and oxidizer composition.
Above the curve, a stable flame existed. Below the
curve, the flame blew off. The highest firing rate shown
was a limit of the gas flow control equipment, not of
the burner. The lowest firing rate tested was 3 kW.
Below that rate, the flame became unsteady due to
buoyancy. Figure 4 shows the visible flame length,
visually determined in a dark room, as a function of
the firing rate for two oxidizer compositions. For low
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Fig. 4. Visible flame length vs g; and Q, ¢ = 1.00.

firing rates, the flame lengths were essentially the same
for both oxidizer compositions. At higher firing rates,
the flames with higher Q were longer.

Radiation measurements

An elevation view of the radiometer and flame is
shown in Fig. 5(a). A plan view of the arrangement is
shown in Fig. 5(t). A Medtherm Corp. model 40-5-

Radiometer

Radiometer

View Restrictor
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18T heat flux transducer was used to measure the
radiation. The transducer was a Gardon gage [24]
with a diameter of 6.35 mm. The sensor absorptance
was 97% in the spectral range of 0.6-15.0 ym. A
model 40VRW-7C water-cooled view restrictor was
used to restrict the field of view to 8, = 6.45°. A nar-
row angle radiometer was used to ensure that only
radiation from the flame, not from the ambient
environment, would be measured. This is rep-
resentative of the case for an impinging flame where
the target is engulfed by the hot combustion gases.
The radiometer did not have any windows or gas
purging since the environment was clean. The water-
cooled sensor body temperature was measured with a
type T thermocouple and was approximately a con-
stant 292 K. The certified calibration of the gage, with
the view restrictor, was accurate to 3%. The heat flux
range of this gage was 0-57 kW m~2. The response
was linear up to 150% of that range. At low firing
rates, the measured radiation fluctuated the most due
to the buoyancy of the flames. For those flames, the
highest uncertainty was estimated to be 9.3%. The
typical uncertainty was less than 5%.

The vertical burner position was controlled with
an electric actuator with a potentiometer output to
indicate the position. The distance between the burner
and the radiometer was manually adjusted with a

Fig. 5. (a) Elevation view of radiometer and flame ; (b) plan view of radiometer and flame.
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machinists’s milling table. The positions were accurate
to within 0.5 mm.

RESULTS AND DISCUSSION

Five parameters were investigated including the
burner firing rate (g;), the oxidizer composition (Q2),
the equivalence ratio (¢), the axial position along the
flame (L,), and the radial position from the flame (D,).
The parameters of primary interest were Q, ¢;, and L.
Most of the tests were done at ¢ = 1.0 and D, = 0.5.
The equivalence ratio was only varied through a nar-
row range for two reasons. The first is that the equiv-
alence ratio is operated in a narrow band around
stoichiometric conditions in nearly all industrial heat-
ing and melting processes. The second reason is that
only nonluminous radiation was studied here. If the
burner were operated at very fuel rich conditions
(¢ = o), luminous radiation would have become
important.

Radiometer position

The first set of tests was designed to determine how
the axial and radial position of the radiometer affected
the flame radiation measurements.

Axial location. Figure 6 shows the effects of both
the firing rate and the axial distance along the flame
length. The minimum L, was 0.5. For L, < 0.5, the
radiometer would have viewed the flame and part of
the burner itself. At low firing rates, the flame radi-
ation decreased rapidly with the distance from the
burner exit. At the intermediate and higher firing
rates, the flame radiation was relatively constant for
L, from about 2-5. Therefore, L, = 3.0 and ¢; = 15.0
kW were used as fixed parameters in some of the
subsequent tests because of the constancy of the radi-
ant flux. Figure 7 is a similar graph except that the
oxidizer composition, instead of the firing rate, was
varied. The flame radiation was relatively constant
over a wide range of L,, for Q = 1.0. At Q = 0.35, the
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peak flame radiation occurred at about L, = 1.5 and
then slowly decreased with L.

Radial position. Figure 8 shows how the radial
location of the radiometer affected the measurements.
At D, = 1.0, the radiometer viewed the entire width
of the flame. The effective path length decreased as D,
increased because the flame had a circular cross
section. This reduced the average flame radiation as
shown in the plot. However, the reduction was rela-
tively small. Therefore, subsequent tests were done at
D, =0.5.

Burner operating conditions

The burner operating conditions include the equiv-
alence ratio, the oxidizer composition, and the firing
rate.

Egquivalence ratio. Figure 9 shows how the equiv-
alence ratio and the oxidizer compositions affected
the flame radiation. For the smaller Q, the highest
flame radiation occurred at slightly fuel lean
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Fig. 8. glq vs D, and Q (0.35,1.00) for g;= 15.0 kW,
$=1.00, L =3.0.
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conditions. For a pure O, oxidizer, the highest flame
radiation occurred in a band around stoichiometric
conditions (¢ = 1.0).

Oxidizer composition. Figure 10 shows how the
flame radiation varied as a function of the oxidizer
composition, for a fixed firing rate and equivalence
ratio. The only thing that was varied was the amount
of N, in the oxidirer. The fuel and O, flow rates were
constant. Re, decreased from 6800 to 2400 as Q
increased from 0.28 to 1.00. The plot shows that the
flame radiation increased by more than 2.5 times by
removing N, from the oxidizer. As previously
discussed, this is a resuit of higher flame temperatures
and partial pressures of CO, and H,O.

Most of the measurements in Table 1 were made
with air as the oxidizer. A similar measurement was
made in the present study at Q = 0.21. As shown in
Fig. 3, the highest firing rate for a stable air/natural
gas flame was 5 kW. This rate was used since the
radiation measurements were less uncertain at higher
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Fig. 10. gra vs Q for ¢;=15.0 kW, ¢ = 1.00, L, = 3.0,
D, =05.
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firing rates. For a stoichiometric flame (¢ = 1.00) at
D, = 0.5, the peak measured flame radiation was 9.5
kWm™2at L, ~ 1.3.

Firing rate. Figure 11 shows how the flame radiation
increased as the firing rate increased and as the equiv-
alence ratio increased. Figure 12 is a plot of flame
radiation as a function of the equivalence ratio and
the firing rate for a constant Reynolds number of
4500. As N, was removed from the oxidizer (Q increas-
ing), the firing rate had to be increased to maintain a
fixed Re,. This shows that a higher heat release density
may be achieved by increasing the O, concentration
in the oxidizer; for a given nozzle diameter. It also
implies that Re, by itself is not a sufficient parameter to
indicate the performance of oxygen-enhanced flames.
The oxidizer composition £ must also be specified.

Figure 13 shows the peak flame radiation measured
for a given firing rate and oxidizer composition. For
Q = 1.00, the peak radiation increased with the firing
rate. For Q = 0.35, the peak radiation was relatively

70 30
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Fig. 12. gl,q vs Q for Re, = 4500, ¢ =1.00, L, = 3.0 and
D =05
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constant over a wide range of firing rates. Figure 14
shows the approximate axial location for the peak
flame radiation. Initially, the peak flame locations
were closer to the burner for Q = 1.00, compared to
Q = 0.35. At higher firing rates, this trend reversed.
For Q = 1.00, these locations were fairly well defined.
For Q = (.35, there was a range of positions along
the flame length where the maximum flame radiation
values were obtained. The locations given in the figure
are approximately in the center of the range. Figure
15 is a plot of the location for the peak flame radiation
which has been normalized to the length of the flame
(see Fig. 4). This shows that for high Q flames, the
axial location of the peak flame radiation was at about
14% of the visible flame length. For the lower Q
flames, this location was between about 9 and 15% of
the flame length.
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CONCLUSIONS

A new burner design was reported which produced
a uniform flame with oxidizers ranging from air to
pure O,. This is the first paper to report nonluminous
flame radiation as a function of the oxidizer compo-
sition. It has been shown that the thermal radiation
increased dramatically by removing N, from the oxi-
dizer. The flame radiation increased with the firing
rate. The increase was more dramatic at higher O,
concentrations in the oxidizer. Higher flame radiation
was measured at or near stoichiometric conditions
where typical industrial heating processes are oper-
ated. For higher firing rates, the radiation was nearly
constant over a wide range of axial locations in the
flame. At lower firing rates, the flame radiation
decreased with the axial distance from the burner
outlet.

For higher O, concentrations, the peak flame radi-
ation increased with the firing rate. For lower O, con-
centrations, the peak flame radiation was nearly con-
stant over a wide range of firing rates. The location of
the peak flame radiation varied from 9 to 15% of the
visible flame length. This location was more defined
for the higher O, flames in terms of both its absolute
position and of the position normalized by the flame
length.

The radiant fluxes reported here are comparable
to the data from previous studies. However, these
measured radiant fluxes are not significant (<10%)
compared to the total heat fluxes reported for flames
impinging on a target [23]. Therefore, nonluminous
flame radiation does not appear to be an important
mechanism in flame impingement heating. This may
be an advantage in some industrial heating appli-
cations. The heat flux to low emissivity targets, such
as finished metal sheets or slab, will not be adversely
affected by reduced radiant absorption.
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