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Abstract

Industrial burners, such as those used in materials processing furnaces, require precise control over the flame length, width, over-
all shape and other physical flame attributes. The mechanism used to control the flame topology should be relatively simple,
safe, and devoid of an emissions penalty. We have explored the feasibility of hydrodynamic control of confined nonpremixed flames
by injecting air through a high-momentum microjet. An innovative strategy for the control of flame shape and luminosity is dem-
onstrated based on a high-momentum coaxial microjet injected along the center of a confined nonpremixed flame burning in a
coflowing oxidizer stream. The introduction of the microjet shortens a nonpremixed flame and reduces the amplitude of the buoy-
ancy-induced flickering. For a microjet-assisted flame, the flame length is more sensitive to the fuel flowrate than for laminar or
turbulent nonpremixed flames. This provides greater flexibility for the dynamic control of their flame lengths.

Measurements of NO, and CO emissions show that the method is robust. Effective flame control without an emissions penalty is
possible over a large range of microjet velocities that significantly alter the flame shape. Since the influence of the microjet is pri-

marily of a hydrodynamic nature, inert microjet fluids like recirculated exhaust gas can also be used in practical devices.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Industrial burners, such as those used in materials
processing furnaces, require precise control over the
flame length, shape and other physical flame attributes.
For instance Hanus and Hubo (1999) studied variable
flame length burners required in the steel industry for
the flame strengthening of steel. These burners allow
control over the furnace heat transfer characteristics
by varying the flame length and the heat release profile,
as in Pesenti and Meunier (2000). The active control of
flame length and shape is also desirable in other energy-
intensive applications, such as glass and other melting
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furnaces, and in welding torches. Ideally, a control tech-
nique should not require sophisticated instrumentation
or significant modifications to the burner hardware.
There are potential pitfalls to altering the flame struc-
ture, such as an increase in undesirable flame emissions
and a loss of flame stability. Therefore, the mechanism
used to control the flame topology should be relatively
simple (e.g., as compared to Lawton and Weinberg
(1969) who applied an external electric field or Hertz-
berg (1977) who used acoustic forcing), safe, and devoid
of an emissions penalty.

Thring and Newby (1953) and Becker et al. (1981)
carried out several investigations characterizing the con-
ditions that alter the flame shape and spread in both
confined and nonconfined flames. Hydrodynamic effects
at the burner exit are known to change the flame
topology. Apart from flame shape and size, flame
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flickering is another important physical parameter that
has strong industrial relevance. Kimura (1965) charac-
terized buoyant laminar jet flames with respect to grav-
ity-induced flickering. Hamins et al. (1992) related the
burner diameter, jet Reynolds number and fuel proper-
ties with the flickering behavior. For slot burners, Roper
(1977) and Roper et al. (1977) identified three regimes of
flame behavior: buoyancy controlled, transition, and
momentum controlled depending on whether the Fro-
ude number was very small, of the order of unity, or
very large. Heat and mass transport in flames estab-
lished with extremely low velocity fuel jets on small
burners can be dominated by molecular diffusion rather
than by convection or buoyancy. Ban et al. (1994) ob-
served that it is possible to almost eliminate the effect
of gravity and produce a nearly spherical nonpremixed
flame when the dimensionless Peclet number Pe (= ud/
D, where D denotes the pertinent mass diffusivity) has
a value smaller than five. Becker and Yamazaki (1978)
performed a more extensive parametric investigation
of micro-slot nonpremixed flames and determined that
for low values of a diffusion-to-buoyancy parameter,
the flame shape is buoyancy controlled. Momentum
was shown to play a more dominant role in flames asso-
ciated with low values of the diffusion-to-momentum
ratio.

Recently, Ganguly and Puri (2004) demonstrated that
a high-momentum fluid jet applied along the centerline
of a nonpremixed flame burning in an unconfined quies-
cent environment (i.e., in absence of any coflow) can be
used to control the flame topology and the fuel-air mix-
ing. Using this method, it is possible to keep the fuel jet
velocity unchanged in order to avoid liftoff and blowout,
but achieve increased entrainment. Although the burn-
ing of a fuel jet in a quiescent environment has scientific
relevance, most practical nonpremixed combustion
applications involve confinement in which the oxidizer
demand is met through a coflow. For many applica-
tions, e.g. wall-fired furnaces and dump combustors,
the dimensions of confinement are several times larger
than the burner diameter. Here, the flame characteristics
are strongly influenced by the coflow. Therefore, a tech-
nique similar to that proposed by Ganguly and Puri
(2004) for controlling the flame shape could prove useful
for confined nonpremixed flames that are established
with coflowing oxidizer streams.

2. Objective

We have explored the feasibility of hydrodynamic
control of nonpremixed flames established in a large
confinement in the presence of a coflow by injecting
air through a high-momentum jet of sub-millimeter ra-
dius. We will refer to this jet as a microjet, although its
dimension is relative and its purpose is to produce a rel-

atively narrow high-velocity stream. The air microjet is
applied along the center of a buoyant nonpremixed fuel
stream that is surrounded by a coflowing stream of air.
The resulting flame characteristics are investigated by
varying the relative strengths of each of these three
flows. Our objective is to enhance oxidizer entrainment
from the coflowing stream in the flame and thus control
the flame shape, flickering and luminosity. The flame
structure is investigated by direct imaging, Schlieren
and thermocouple measurements. We also measure
the global CO and NO, emissions to ascertain that
the control method does not result in an emissions
penalty.

3. Configuration

The burner assembly is schematically described in
Fig. 1. It consists of three axially concentric cylinders.
The inner radii of the three cylinders are 500 pm,
4.5mm, and 21 mm, respectively. All three cylinders
have a 1 mm wall thickness. A steady flow of the fuel
(methane) emerges from the intermediate cylinder and
the outer annulus supplies a steady coflow of air. An
air microjet flow is applied through the central port.
There are separate lines to the three ports and the gas
flows are measured using calibrated rotameters under
a regulated pressure at room temperature. There is a
170 mm diameter and 450 mm long confinement
around the flame. Only the coflowing stream and the
air microjet supply the oxidizer required for combus-
tion.

Direct and Schlieren images of the flames are ob-
tained at 30 fps with a CCD camera. The flickering fre-
quency of a nonpremixed flame (unassisted by a
microjet) is ~10 Hz. Flame height data are recon-
structed by averaging a large number of sequential di-
rect images. The flame temperatures are measured
using a 0.2 mm R-type thermocouple. The thermocou-
ple time constant is ~0.1 s. Each reported temperature
is the rms value obtained from 300 temperature read-
ings. The error bars in the temperature plots present
the temperature variance at each location. Corrections
are made to compensate for the radiation loss from
the thermocouple bead (Azzoni et al., 1999). We did
not observe any soot accumulation on the bead and,
consequently, assumed a constant emissivity for the
Pt-Rh bead. The flue gases from the confined flames
are directed into a chimney where they are sampled
(at a distance 900 mm above the burner exit) for NO,
and CO analyses. The NO, analyzer is capable of mea-
suring levels of the oxides of nitrogen from 0.1 to
5000 ppm. The CO analyzer is based on the 4.6 um
wavelength infrared radiation absorption by dry CO
gas, and is capable of measurements in the range
1-100 ppm.
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Fig. 1. Schematic burner configuration and a microjet-assisted flame (Flame (F) of Table 1).

4. Results and discussion

Fig. 2(A) presents a direct image of a nonpremixed
flame in the absence of a microjet. The fuel stream exit
velocity vy =10.33 m/s (Req ~ 150) and the air coflow
velocity v. = 5.5m/s. The flame is characterized by
buoyancy-induced flickering and a large luminosity that
is indicative of soot formation. Air microjets are intro-
duced for constant fuel flow and air coflow velocities
for the flames shown in images (B)-(F). The microjet
flowrates are reported in Table 1(panel a).

Until a microjet velocity v; of ~10m/s, the nonpre-
mixed flame does not exhibit any significant change in
its shape. When v; > 10 m/s the flame height begins to
diminish. Beyond v; =13 m/s (for microjet Reynolds
numbers Re; > 2000), a “flame neck™ appears when the
radial cross section of the luminous flame shows a con-
striction that divides the flame into an upstream Zone I
and a downstream Zone II. Its formation is associated
with a “fluttering” noise, which increases as the microjet

velocity is raised. This sound originates due to local
extinction and immediate reignition in the “flame neck”
region. Below the neck, visual and Schlieren images con-
firm that the flame is steady and laminar in Zone I.
However, the Zone II above the neck is not laminar.
(These zones are also illustrated in Fig. 1). Images of
Flames (C)—(F) in Fig. 2 show that as the microjet veloc-
ity is increased, the overall luminous flame height de-
creases and the flame neck location gradually moves
upstream.

In absence of the microjet, the oxidizer supply to the
confined nonpremixed flame occurs place mainly
through cross-stream diffusion. A high momentum
microjet applied at the center of the reacting flow alters
the hydrodynamics. The central jet creates a low-pres-
sure region close to the burner plane, inducing an in-
ward radial advective flux of the oxidizer from the
coflowing air stream. This is qualitatively described by
the schematic of Fig. 1. Han and Mungal (2001) corre-
lated the rate of entrainment with the mixing rate of
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Fig. 2. The topologies of Flames (A) through (F) of Table 1(panel a) for which only the microjet velocities are changed. Microjet Froude number
(Frj = vj/+/(rig)) values for a given fuel jet Froude number (Fry = vr/\/((Ri — ro)g) = 1.9) compare the square root of the ratio of the microjet

momentum to buoyancy.

Table 1
Operating conditions
A B C D E F
Panel a
Microjet velocity (m/s) v 0 10 13 16 20 21
Fuel jet velocity (m/s) vr 0.33 0.33 0.33 0.33 0.33 0.33
Coflow velocity (m/s) Ue 5.5 5.5 5.5 5.5 5.5 5.5
Overflow equivalence ratio ¢* 0.025 0.025 0.025 0.025 0.025 0.025
Flame height (mm) Le 132 120 113 82 63 85
G H I J K L M N (0]

Panel b
Microjet velocity (m/s) v 21 21 21 21 21 21 21 21 21
Fuel jet velocity (m/s) vr 0.1 0.2 0.28 0.33 0.38 0.46 0.48 0.56 0.58
Coflow velocity (m/s) Ue 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5 5.5
Overflow equivalence ratio o* 0.008 0.015 0.021 0.025 0.029 0.035 0.036 0.042 0.044
Flame height (mm) L; 10 25 72 85 102 172 200 225 243

F Q R S
Panel ¢
Microjet velocity (m/s) v 21 21 21 21
Fuel jet velocity (m/s) vr 0.33 0.33 0.33 0.33
Coflow velocity (m/s) Ve 5.5 2.17 0.74 0.36

Line missing
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the jet fluid and the ambient fluid and in reacting cases,
its affect on the residence time through the flame and the
overall chemical reaction. According to their analysis,
an enhanced entrainment of oxidizer leads to an in-
creased reaction rate in an otherwise diffusion limited
flame, and causes a reduction in flame height for a given
fuel burning rate. Apart from the reduction of the flame
height, the microjet flame also shows a radially compact
structure which is also caused by the enhanced radial in-
flux of the oxidizer.

A sudden change in the flame shape and luminosity is
observed when v is increased from 20 m/s (Flame (E)) to
21 m/s (Flame (F)). The overall flame luminosity and the
fluttering noise intensity decrease significantly. Flame
(E) contains some yellow sooting portions, whereas
Flame (F) is bright blue. The unconfined flames investi-
gated by us previously did not exhibit such an abrupt
change when the microjet velocity was increased. How-
ever, at the higher microjet velocity a confined flame is
locally quenched along its centerline in a similar manner
to an unconfined flame. In these flames Zone 11 is extin-

Schlieren
Images

Direct
Images

guished when v; > 21 m/s, leaving a very unsteady Zone
I and a flame that is truncated at the neck. The local
strain rate is so high that, unlike in the Flames (C)-
(F), reignition cannot occur at the neck and, as a result,
the fluttering sound disappears, too. A considerable
fraction of the fuel escapes unburned for such a flame,
which is detrimental for single stage burners. However,
the concept can be useful in sequential/cascaded com-
bustors, such as next-generation gas turbines. Here, only
partial burning of fuel is required in each stage with
simultaneous dilution and premixing of the fuel and
exhaust.

Schlieren images of microjet flame structures for
Flames (B) and (F) are presented in Fig. 3. The Schlieren
image for Flame (B) shows the presence of a cold weak
microjet along the centerline. It does not yet have the
strength to significantly alter the oxidizer entrainment.
However, the corresponding image for Flame (F) is con-
siderably different.

It clearly illustrates the two flame zones that are sep-
arated by the constricted neck. In Zone I, the flow is

Inner —
flame

Zone I1

Zone I

=—0mm

Fig. 3. Flame structure for two different microjet velocities (Flames (A) and (F) of Table 1(panel a)). Schlieren images (top) and corresponding direct

images (bottom).
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laminar and there is intense mixing at the neck, leading
to the turbulence in Zone II. Shear layer instabilities
produced by the high velocity ratio coaxial jets might
lead to this turbulence. The image of Flame (F) also
shows that an “inner” flame grows from the “neck” in
the downstream region. Here, the microjet air leads to
the formation of an additional inner nonpremixed flame
interface.

The flame height increases when the fuel flowrate is
augmented for constant microjet and coflow velocities.
Fig. 4 presents images of Flames (G)—(O) (of Table 1(pa-
nel b)). Flames (G) and (H) have a truncated Zone II
from which unreacted fuel escapes. For Flame (I), the
“inner”” flame adjacent to the microjet alone constitutes
Zone II. The outer flame envelope reappears for Flame
(F) as the fuel flowrate is increased. Further increase in
the fuel flow elongates both Zones I and II. However,
the inner flame cone height in Zone II remained con-
stant for a given microjet flow rate. In all these cases
the fuel burns without any noticeable soot formation.
The burner power input varies over an order of magni-
tude from approximately 200 W in case (G) to 1000 W
in case (O).

The corresponding variations of the heights of Zones
I and IT with respect to the fuel jet velocity and fuel jet
Froude number (Fry) are presented in the inset in Fig. 4.
Increasing the fuel velocity from 0.2 m/s to 0.28 m/s
(Flames (I) and (F), respectively) results in the reappear-
ance of Zone II and a ~300% increase in the total flame
height A(= hy + hy, i.e., the sum of the Zone I and II

Fuel Jet Froude Number - Fr
l40 04081.21.6 2 242832
250
£ 12| hi=S1545.4¢ +13721v; - 1824 / 7 E
£ {200 =_
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heights). The variation of & with the fuel flowrate can
be represented by a second-order polynomial for a spec-
ified value of vj (corresponding variation with Fry is
merely its linear multiple). This dependence is unlike
laminar (&  fuel flowrate) or turbulent (for which 4 is
independent of fuel flowrate) nonpremixed flame behav-
ior. Therefore, for a microjet-assisted flame, 4 is more
sensitive to the fuel flowrate than for laminar or turbu-
lent nonpremixed flames. This feature is useful for the
dynamic control of flame length in industrial applica-
tions such as material processing furnaces in which the
load dimensions can vary considerably. In other applica-
tions, flame impingement on the combustor walls can be
avoided using the technique.

Varying the coflow velocity has a weak influence on
the height of microjet-assisted flames. For larger micro-
jet velocities, a variation in the coflow velocity changes
the characteristics of the flame neck. The faster the reig-
nition occurs after local extinction at the neck, the more
resistant Zone II is to external disturbances. Fig. 5 pre-
sents images of microjet-assisted flames established
with different coflows (Flames (F) and (Q)—(S) of Table
I(panel c)). When the coflow is reduced below that of
Flame (S), pockets of local extinction prevail long en-
ough to extinguish the flame with the slightest perturba-
tion. For all these flames the overall equivalence ratio is
much smaller than unity. Hence the observed phenome-
non is predominantly a hydrodynamic effect. For
Flames (R) and (S) large dark areas appear in Zone II
due to temporary local extinction. Therefore, the selec-

200

100

0 mm

Fig. 4. Effects of varying the fuel velocity on microjet-assisted flame topologies. The flames correspond to the conditions of Table 1(panel b). Inset:
the heights in Zones I and II of the flames as a function of fuel jet velocity (a scale for Fr¢ is also included).
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Fig. 5. Effects of varying coflow on the microjet-assisted flame
structure.

tion of a proper range of coflow velocities is important
to maintain a stable flame.

The heights of the stable flames described in Table
1(panel a)-(panel c) are separately proportional to 7,
vj‘1 (the conventional nonpremixed Flame (A) is ex-
cluded from the analysis), and *!. Thus, a velocity
parameter II = v70!/v; can be used to correlate the
microjet assisted flame heights with all possible combi-
nations of vg, vj, and v.. Analysis of flames (D) through
(O) yields a correlation for the Zone IT width (w) with I1.
These results are summarized in Fig. 6.

Fig. 7 presents the axial temperature distribution
along the centerline of Flame (F). For comparison, the
centerline temperature for the conventional nonpre-
mixed flame (Flame (A)) is also presented. The burner
exit temperature is lower for Flame (F) than for Flame
(A) due to the advective cooling caused by the cold

300 60
A
h= 1260011 + 0.73

250 | 4 o u 150
2 R*=0.93 g
E 200t u Flame height u 40 £
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Fig. 6. Flame height and width correlated with the microjet (v;), fuel
jet (vp) and coflow (v.) velocities for the burner.

1900

1700+

1500

1300

1100

Temperature (K)

900+ £

700 —e = Microjet assisted flame, flame (F)

500 —— Pure nonpremixed flame, flame (A)

300 T T T T T
0 20 40 60 80 100 120

Axial Distance from Burner (mm)

Fig. 7. Axial centerline temperature profile for a microjet-assisted
flame and a corresponding conventional nonpremixed flame.

microjet air stream. However, the temperature rise for
the microjet-assisted flame is steeper. Ganguly and Puri
(2004) have shown that this larger temperature gradient
is due to the enhanced oxidizer entrainment and, conse-
quently, faster burning in a microjet-assisted flame. In
Zone 1 of Flame (F), the radial heat flux from the flame
surface towards the centerline increases with height as
the reaction zone shifts inward. This causes a larger tem-
perature gradient for the first 10 mm for which d77/
dz ~ 91 K/mm as compared to ~48 K/mm for Flame
(A). Downstream of the “flame neck”, the outer reac-
tion zone spreads radially outward, which leads to a
reduction in this gradient (~16 K/mm from z=10-
27 mm). The peak flame temperature is, however,
similar for both the microjet-assisted and conventional
nonpremixed flames. Therefore, the microjet does not
produce significant cooling, which would be detrimental
to overall heat transfer.

Fig. 8 presents NO, and CO emissions from microjet
assisted flames. Here, the fuel flow and coflow velocity
are kept constant while v is increased. Both emissions
are almost constant until vj ~ 21 m/s (Flame F), and
the CO, NO and NO, exhaust molar concentrations
are ~1, 20, and 0.26 ppm, respectively for an O, concen-
tration of ~20%. The figure indicates that flame shape
control is feasible without an emissions penalty when
the microjet velocities are restricted below a critical va-
lue. (Local extinction at the flame neck occurs beyond
vj = 21 m/s, which leads to a larger emitted CO fraction
of 15.4 ppm for another 5 m/s increase in v;. The NO,
emission increases from ~0.3 ppm to 0.6 ppm as the
flame is quenched and the lower overall temperatures
lead to smaller NO, dissociation. Incomplete combus-
tion also causes depletion in the radical pool and a cor-
responding reduction in the NO production.) Microjet



438 A. Sinha et al. | Int. J. Heat and Fluid Flow 26 (2005) 431-439

Microjet Velocity Vs. CO and NOx

2500 70
O — — — 60
20001 —- i
50
1500 g
——CO| =0=NO = =NO2 40 =
= »
g 9
oy < Controlled flame Z,
= < > 30
1000 e}
o} Z.
O
20
5001
L e m e mmmammama 10
. _—
0 ; 0
0 5 10 15 20 25 30

Microjet Velocity Vj (mv/s)

Fig. 8. Overall CO, NO and NO, emissions from microjet-assisted
flames.

control is less flexible from the perspective of CO emis-
sions than for NO, control. However, in a multi-stage
burner where CO reburning occurs, the microjet velocity
could be maintained at higher values.

The results for the confined flames are in general
agreement with our previous investigation that consid-
ered unconfined flames in the absence of a coflow. This
is to be expected, since the coflow velocity has a weak
influence on the neck structure and, as shown in Fig.
5, on the flame height. In order to further clarify the
importance of the microjet hydrodynamics in altering
the flame shape, we introduced an inert nitrogen micro-
jet into an unconfined flame. Fig. 9(A)—(F) present
images of flames with nitrogen microjets of varying
velocities. The fuel and microjet velocities for each flame
correspond to the respective cases of Table 1(panel a)
(hence, Fig. 2) with the exception that that there is no
coflow. The conventional nonpremixed flame in the ab-
sence of a coflow is taller than the same with coflow.
However, the results are also relevant to confined

Fig. 9. Flame shape control for unconfined (v.=0) flames using
nitrogen microjets. The fuel and microjet velocities for each flame
correspond to the respective cases in Table 1(panel a).

flames. The topologies of the base of Flame (F) of Fig.
9 and of the base of its counterpart Flame (F) of Fig.
3 share a strong resemblance. Since the introduction of
an inert gas such as nitrogen as the microjet fluid has
a similar effect as air, which is an oxidizer, it is clear
from the images that the primary influence of the micro-
jet is of a hydrodynamic nature. Since the type of micro-
jet fluid is not important in controlling flame shape and
luminosity without cooling, these results show that it is
possible to use exhaust combustion products or recircu-
lation gas in an industrial application.

5. Conclusions

An air microjet can be applied at the center of a non-
premixed flame to control the flame height and
luminosity.

1. The microjet assisted flame consists of a laminar base
(zone I) and a turbulent trail (zone II) that are sepa-
rated by a “flame neck”.

2. For specified microjet and coflow velocities, the flame
height is more sensitive to the fuel flowrate than for
laminar or turbulent nonpremixed flames.

3. Effective flame control is possible without an emis-
sions penalty. The emissions from microjet-assisted
flames are similar to those from a corresponding non-
premixed flame over a large range of microjet veloci-
ties that significantly alter the flame shape.

4. Although the flame topologies (and heat transfer
characteristics) of microjet-assisted flames are consid-
erably different from those of conventional nonpre-
mixed flames, the peak flame temperatures are
similar.

5. This control strategy can also be achieved by using a
chemically inert microjet fluid.

The study addresses the parametric variations by
altering the fuel, microjet and the coflow velocities for
a burner with an input power of the order of 1 kW
and smaller. This power range is of direct relevance to
miniaturized combustion devices and pilot scale flames.
However, before implementing microjet flame control
for large scale industrial burners, a separate parametric
investigation that addresses the effect of different burner
sizes and aspect ratios of the microjet to fuel jet or co-
flow jet dimensions is required.
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