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Effects of Interjet Spacing on Burning Multiple Sprays

K. Parvez* and S. R. Gollahalli’
The University of Oklahoma, Norman, Oklahoma, 73019

In many large combustors multiple burners are employed to supply the required amount of fuel. Depending
upon the design of multiple spray burners, several benefits such as reduction in flame length, control of heat-release
pattern, and minimization of pollutant formation are possible. The physico-chemical processes, in terms of size,
shape, atomization, evaporation, and burning characteristics of multiple spray flames, depend upon the mutual
interaction of individual jets and the effects of surrounding airstream. In the present study three configurations,
namely, 1-jet, 2-jets, and 3-jets arranged in a line, were used. Jet-A fuel was the liquid. Identical twin-fluid air-assist
atomizers were employed. Four interjet spacings, a/d = 18.5,24.7, 30.9, and 37, where a was the distance between
the jets and d was the atomizer exit diameter, were employed to study the effects of interjet spacing. Measurements
included flame length, flame merging length, flame liftoff height, droplet size distribution, flame temperature, and
major species concentrations. The transverse profiles in the near-nozzle region and the far-burner regions are
presented. With an increase in interjet spacing, the amount of oxygen penetration through the space between the
jets increases and leads to higher far-burner temperature, lower soot emission, and higher production of carbon

monoxide and nitrogen oxides.

Introduction

IQUID fuel spray combustion, with all its complexities, is still

a major source of energy for most of the combustion devices,
such as boilers, gas turbines, ramjet engines, rocket combustors,
diesel engines, and industrial furnaces. Most of the studies in the
literature on liquid combustion deal with single drops, droplet ar-
rays, or single spray jets. In many practical combustion devices,
when large volume rates of fuel are required, it is advisable to split
the inlet fuel stream into a number of single jets.

The interaction of individual jets with one another and with sur-
rounding airflow influences their combustion characteristics. Sev-
eral benefits such as reduction in flame length, smaller combustion
chamber size, control of heat-release pattern, and minimization of
pollutant formation can be achieved by employing multiple burner
flames.

Several studies have been reported in the literature on the interac-
tionof gas flames from multiple burners.! ~* Chigier and Apak! stud-
ied the interaction of multiple turbulentnatural gas diffusion flames
with differentdegrees of swirl and burner separationdistance. They
documented temperature and concentrationprofiles, flame stability,
and flame length and concluded that for flames separated by more
than two exit diameters there was no significant interaction. They
also found that the interaction effects were accentuated with an in-
crease in swirl number. Menon and Gollahalli??® studied the flame
structure and pollutant emissions of propane gas jets separated by
various distances both in quiescent conditions and in a crossflow.
They found significant coupling effects of the jet-crossflow mo-
mentum flux ratio on the interaction of multiple burner flames. Re-
cently, Tillman et al.* have studied the interaction of planar gas jet
flames and found that blowoff velocity increased for multiple burn-
ers. However, the studies on burning sprays from multiple injectors
are severely limited. Although the aforementioned benefits can be
expectedin the case of burning sprays also, depending upon the rel-
ative spacing and orientation of injectors forming these sprays some
undesirable effects such as an enhancement of soot formation can
occur. This paper presents an experimental study of the effects of
interjetspacing of three liquid sprays on their combustioncharacter-
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isticsincluding the distributionof dropletsize and velocity, radiation
emission, temperature profiles, species concentrationprofiles, emis-
sionindicesof pollutantspecies,and sootconcentrationprofiles. The
general appearance of the flame, in terms of the flame liftoff height,
flame length, and flame merging length has also been investigated.

Experimental Apparatus and Procedure

Experiments were conducted in a laboratory scale combustion
chamber. The chamber was mounted vertically and was constructed
of 6-mm-thick steel plates. The interior of the chamber was 164 cm
talland 76-cm square in cross section. High-temperaturePyrex glass
sheets (dimension30 x 140 cm) were fixed on three of the four walls
of the chamber to provide an optical access for flame visualization.
The fourth wall of the chamber was replaced by an aluminum plate,
which had a vertical slot so that the thermocouple and gas sam-
pling probe could be inserted into the chamber for measurements.
A cooling fan was mounted on top of each window to keep Pyrex
glass sheets cool and prevent them from cracking caused by high
temperature. One of the chamber walls was provided with a small
access door for igniting the fuel jet when the chamber was closed.
The bottom plate of the chamber had two horizontal 10-cm-longand
0.5-cm-wide slots to accommodate the three atomizers and to fa-
cilitate variations in interjet spacing and injection angles by sliding
and locking the atomizers in the slots at the appropriate locations.

Three identical external-mixing twin-fluid (air-assist) injectors
were used in the present study. The injector exit diameter d was
1.62 mm. Two concentricjets, the liquid jet being the inner, emerged
atthenozzleexit. The high-velocityairstreamimpingedon the liquid
at or outside the liquid discharge orifice resulting in the atomization
of liquid. The injectors were connected to the fuel and primary
(atomizing) air lines and mounted on the base plate of the chamber
producing spray jets in the vertically upward direction.

Jet-A fuel was used in the present study. The fuel was supplied
from a tank under the pressure of bottled nitrogen to the atomizers
through needle valves and rotameters and a 15-pum-pore liquid fuel
filter. Primary air was supplied by a vane-type rotary compressor
and was metered using a separate rotameter for each atomizer. The
top of the combustion chamber was attached to an exhaust duct of
a 32-cm-square cross section. An axial exhaust fan was installed in
the exhaust duct for creating an induced draft. A manually operated
damper was used to control the rate of suction of the exhaust.

Several instruments were used to record the following data: 1) ra-
diation emission, 2) visible total flame length, 3) merging height
of flames, 4) liftoff height of individual sprays, 5) droplet size,
6) droplet velocities, 7) species concentrations,8) emission indices
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of pollutant species, 9) temperature profiles, and 10) soot concen-
tration. Radiative heat emission of the flame was measured with a
broadband wide-view-angleradiometer. To minimize the effects of
solid angle variation and to satisfy the inverse square law, the dis-
tance between the radiometer and the flame exceeded 1.5 times the
length of the flame. The readings were corrected to account for the
thermal radiation from the chamber walls in the field of view.

Simultaneous measurements of droplet size and velocity were
made using a phase Doppler particle analyzer (PDPA). A 10-mW
helium-neon laser with an output beam diameter of 0.68 mm was
employed in the transmitter. The receiver of PDPA consisted of a
lens system for light collection through a 100-pum-wide slit. The
focal length of the transmitter output lens was set to 495 mm and
that of collimating lens was set to 300 mm with the PDPA software.
The instrument was used in the forward scatter mode at 30-deg
off-axis angle. The transmitter and the receiver were mounted on
two rigid traverse mechanisms, Flame temperature was measured
with a Platinum-Platinum/13% Rhodium (type R) thermocouple
constructed locally using fine wires of 0.1 mm diam to form a bead
of diameter 0.22 mm. A thin silica layer was applied on the bead
to minimize catalytic effects. A microcomputer was used for data
acquisitionat 10 Hz. The readings were averaged over 180 samples
and corrected for radiation and conduction losses.

The concentrations of nitric oxide (NO), carbon-dioxide (CO,),
carbon-monoxide,and oxygen(O,) were measuredin the flame. The
sampling system consisted of an uncooled quartz probe (1.5 mm in-
ner diameter) mounted on a precise traversing assembly, a moisture
condenser, two glass wool and paper cartridge filters to trap parti-
cles, Teflon lines, and analyzers. A rotameter was also employed in
the line to allow for isokinetic sampling. The following analytical
instruments were employed: 1) a polarographiccatalysttype oxygen
analyzer, 2) nondispersiveinfrared CO and CO, analyzers,and 3) a
chemiluminescent NO/NO, analyzer. The emission indices of CO,
NO, and NO, were determined from the concentrations measured
with the same instruments in the flame exhaust using a trapezoidal
collector.

Soot concentration was measured using a standard light-scatter-
ing and extinction technique. Soot volume fraction was calculated
with the laser-beam attenuation method. A 0.95-mW helium-neon
optical laser was used as a radiation source. The laser was directed
through the flame from one side of the chamber, and it was detected
from the other side by a detector, which was equipped with silicon
sensors. The output of the detector was fed to a microprocessor-
driven power meter, which displayed the output in digital form.
At each point in the flame, three measurements were made: 1) laser
inputintensity without flame 7;,, 2) laser output intensity with flame
Iy, ,, and 3) only intensity of the flame /.

A camcorder was employed to measure the flame liftoff height,
flame length, and flame merging length. The flame length L ; was
taken as the distance between the nozzle exit and the end of the
contiguous portion of the flame visible in the video picture. Simi-
larly, merging length L,, was considered as the distance from the
nozzle exit to the lowest point at which the flames appear to touch
each other in the video picture. The flame liftoff height was taken
as the distance from the jet exit to the lowest point at which the vis-
ible flame was stabilized. Figure 1 defines the flame length, flame
merging length, and flame liftoff height. Tables 1 and 2 show the
experimental conditions and the fuel properties.

In the present study a standard statistical test (Student’s t-test-
Schenck)® was employed for the uncertainty analysis. The uncer-
tainties in results are presented in Table 3.

Results and Discussion

Flame Length, Flame Merging Length, and Flame Liftoff Height

The effects of interjet spacing a/d on flame length are presented
in Fig. 2 for different number of jets n. Flame length increases with
adecreaseininterjetspacinga/d. Thisincreasein flame length with
the decreasein interjet spacing can be explainedas follows: in spray
combustion, fuel droplets evaporate, mix with air, and burn. With
a decrease in interjet spacing, more fuel vapors accumulate in a

Table 1 Properties of liquid fuel

Property Value
Gravity-° API 43.00
Reid vapor pressure kPa @ 298 K 1.38
Freeze point, K 227.00
Viscosity @ 280 K cs 9.40
Sulfur, wt. % 0.60
Aromatic, wt. % 17.20
Heating value, net MJ/kg 43.90

Table2 Experimental conditions

Parameter Value

Fuel flow rate through 3.84 x10~* kg/s
each injector
Fuel tank pressure
Atomizing airflow rate
through each injector
Supply pressure atomizing air 0.17 MPa
Atomizing air temperature 298 K
Ambient pressure 28.7+ 1.5 cm Hg
Ambient temperature 295+3K
Relative humidity 65+£5%

0.2 MPa
1.34 x10™* kg/s

Table 3 Estimated values of uncertainty?®

Exp. uncertainty

Measurement Symbol % of mean value
Flame temperature T 0.88
Concentration of CO Xco 3.2
Concentration of CO, Xco, 3.0
Concentration of NO Xno 3.5
Concentration of O, Xo, 3.6

Flame length Ly 2.7

Flame merging length L, 7.5

Flame liftoff height L; 9.2
Droplet diameter D0y 4.7

2At 95% confidence value with t-distribution.
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Fig. 1 Definitions of flame length Ly, merging height L,, , and liftoff
height L;; d = atomizer exit diameter, a = distance between jets, n =
number of jets.
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Fig. 2 Effect of interjet spacing on visible flame length.

160
1 —&— n=2 —o— n=3 I o
140 -
S .
e 120 o
2
o 100- ¢
B0 1 o
S 80
]
2 o
g0 . B
L -4
s 0
201 8
0 T T T
18.5 24.7 309 37

Jet Interspacing (a/d)
Fig. 3 Effect of interjet spacing on merging length.

—
[T N
Lt

—
o

P |

-

3

n

|

i

(=)
1

Lift-Off Height (L /d)
~ oo
1 }

~8- n=] —e— n=2 —a— n=3

"

»
1]

o]

T
18.5 247 30.9 37
Jet Interspacing (a/d)

Fig. 4 Effect of interjet spacing on liftoff height.

smaller volume. Fuel vapors try to reach air by diffusing radially.
If air is already consumed at the flame edge, the vapors then travel
axiallytoaccessairatadownstreamlocation. This processcontinues
until all vapors are consumed resulting in an increase in the flame
length.

Figure 3 shows the effects of interjet spacing on flame merging
length. It is apparent that the merging length increases with an in-
crease in interjet spacing. This is attributed mainly to geometrical
arrangements and the effects of physico-chemical process. The lin-
ear increase in the width of turbulent axisymmetric jets with axial
distanceresultsin an increase in merging height as the interjet spac-
ing is increased. Because the central jet is exposed to the similar
conditions on both sides, the merging length is same on either side.

The effects of interjet spacing on flame liftoff height of the central
jet are shown in Fig. 4. The liftoff height of the outer jets does not
change significantly with a change in interjet spacing. However,
the liftoff height of the central jet is slightly larger than those of the
outer jets. Itis caused by the fact that three sides of each outer jet are
exposed to still atmosphere, whereas only two sides of the central
jet are exposed to quiescent air environment. Therefore, the central
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jet is subjected to lesser shear than the outer jets. Hence, the axial
component of the gas velocity at the flame base remains higher in
the central jet. Furthermore, the lower availability of oxygen in the
interspacereduces the flame velocity of propagation.A combination
of these two effects results in a higher liftoff distance for the central
jet. A decreaseininterjetspacingresultsin more fuel vaporsbetween
the jets, and the stochiometric contour moves upstream resulting in
a lower liftoff height.

The results of the study are significant in combustor design, es-
pecially where space considerationsare paramount, such as aircraft
combustion chambers. The diameter of a combustoris restricted by
the overall aircraft engine diameter, and its length is subjected to
the space available between compressor and turbine. For a given
fuel the interjet spacing can be adjusted according to the restricted
requirements. If longer axial distance is available and a slim engine
is required, then decrease in separation distance between the jets
will be helpful. Of course, there may be some penalty in terms of
pollution formation. On the other hand, if the engine has to be larger
in diameter and shorter in length, an increase in interjet spacing is
beneficial for the given fuel flow rate.

Droplet-Size Distribution

The effects of interjet spacing on spray characteristics are ex-
amined by measuring the radial profiles of droplet mean diameter
(SMD) and mean velocity with the PDPA at various axial positions.6
Figure 5 shows the typical effects of interjet spacing on droplet-size
distributions. The results show that the jets behave independently
of each other, indicating atomization characteristicsare not affected
by the interactioneffects caused by multiple jets. These findings are
in close agreement with those of Krothapalli et al.” and Marsters
They have reported that in multiple jet configurations in the near-
nozzleregion jets behave as though they are single. Droplet diameter
peaks occur at the individual jet boundaries. A gradual increase in
the mean droplet diameter in radial direction for each individual
jet is apparent, which is attributed to the characteristics of the type
of atomizer. Similar results have been reported by Yule et al.” and
Presser et al.!% for similar atomizers. It is also evident that SMD
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Fig. 5 Effect of interjet spacing on drop-size distribution.
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Fig. 6 Effects of interjet spacing on drop velocity distribution.

increases along the axial direction. This increase in diameter with
downstream direction is caused by vaporization or dispersion of
smaller droplets. As the evaporation proceeds, smaller drops disap-
pear, resultingin an increasein the percentageof larger drops. These
results are in good agreement with those of Dodge and Moses.5

Droplet Velocity Distribution

The effects of interjet spacing on droplet velocity profiles are
shown in Fig. 6. Droplet velocity gradually decreases along the ax-
ial direction as well as along the radial direction. This behavior is
in accordance with the well-established jet behavior,i.e., the veloc-
ity is maximum at the centerline of the jet and decreases along the
radial and axial directions. Furthermore, droplets of smaller diam-
eter, which are more numerous near the flame axis, are subjected
to lesser drag force than their counterparts of larger diameter at the
flame edges. This, to some extent, contributes to the present ve-
locity pattern. The measurements at several other interjet spacings
reported in Parvez'! show that the droplet mean velocity decreases
with the increase in interjet spacing. With an increase in interjet
spacing, fuel vapor/atomizing air flux decreasesin the area covered
by the jets, which leads to a decrease in droplet mean velocity.

Radiative Fraction of Heat Release

A radiometer was used to measure the total radiative heat flux
emitted by the flames. Radiative fraction of heat release was calcu-
lated assuming complete combustion of the fuel, which is reason-
able, at least for heat-release calculations, because no free smoke
was seen from the flames in the present experiments.

Figure 7 shows the effects of interjetspacing on the radiative frac-
tionofheatrelease F. Theradiativefractionof heatreleasedecreases
slightly with the increase in interjet spacing. Radiation emission de-
pends on both temperature level and emissivity of flames. The emis-
sivity in hydrocarbondiffusion flames, in turn, depends strongly on
the burning soot concentration and flame volume. In multiple jet
flames, as the jets are brought together, the insufficiency of oxy-
gen leads to more soot formation as discussed later. As the interjet
spacing increases, less soot concentrationis found in the far-burner
region, and the local flame gas temperature increases as discussed
later in the paper. These counteracting effects lead to only a slight
decrease in the radiative fraction of heat release.
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Fig. 7 Effects of interjet spacing on radiative fraction of heat release.
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Fig. 8 Effects of interjet spacing on the transverse temperature pro-
files in the near-burner region (x/Ly = 0.25).

Temperature Profiles

Radial temperature profiles are measured in three flame regions:
near-nozzle region, midflame region, and far-nozzle region.
Figures 8 and 9 present the effects of interjet spacing on temperature
profiles in the near- and far-burner regions. The midflame profiles
are availablein Parvez.!! To avoid errors caused by impingement of
numerous liquid drops on the thermocouplebead, all measurements,
in the near-nozzle region, were made at or near 150 mm from the
nozzle exit.

In single-jetliquid fuel sprays the maximum temperature occurs
at the boundaries, and the minimum temperature occurs on the axis
of the jet. In a 3-jet configuration, at small interjet spacing when
flames merge four temperature peaks appear. Two of these peaks
correspond to the locations of the flame interfaces when the flames
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Fig. 9 Effects of interjet spacing on the transverse temperature pro-
files in the far-burner region (x/L; = 0.67).

merge, and two others correspond to the outer edges of the outer
jet flames. At larger interspacings where flames do not merge, six
peaks appear, two peaks corresponding to the edges of each of the
three flames.

Figure 8 shows the temperature profiles in the near-nozzleregion.
This figure indicates that, at relatively smaller interjet spacings, the
mixing effects are stronger than those at larger interjet spacings.
The upper two profiles of Fig. 8, which correspondto a/d =18.5
and 24.7, have three temperature peaks instead of four. Six temper-
ature peaks are quite apparent in case of the largest interjet spacing
(a/d =37). These results indicate that mixing level decreases with
the increase in interjet spacing. Temperatures at the edges of the
central jet are slightly lower than those at the edges of the outer
flames in cases of relatively smaller interjet spacings. The peak
value of temperature is not significantly affected by the value of
interjet spacing.

Temperature profiles in the far-nozzleregion are shown in Fig. 9.
Almostall of the temperatureprofiles appear without multiple peaks.
This is becauseof the fact that soot combustion, which dependsupon
chemical kinetics and not diffusion-controlled interface combus-
tion, dominates in the far-nozzle region. Furthermore, from Figs. 8
and 9 the peak values of temperature profiles, in the far-nozzle re-
gion, increase slightly with the increase in interjet spacing. The
central jet temperature in a multijet configuration is affected by two
factors: the oxygen availability, a reduction of which lowers the
oxidation rates and leads to a lower peak temperature; radiation
shielding, which lowers the heat loss rate and hence increases the
peak temperature. The fact that the peak temperature is lower at
smaller interjet spacings indicates that the former effect is more
dominant.
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Fig. 10 Effects of interjet spacing on soot concentration profiles in the
near-burner region (x/Ly = 0.25).

Soot Concentration

From the laser attenuation measurements soot volume fraction
was calculated.!! Measurements were conducted to generate radial
soot concentration profiles for the three flame regions. The effects
of interjet spacing on soot concentrationat x/L ; = 0.25 and 0.67
are shown in Figs. 10 and 11. At those axial locations most of the
droplets were evaporated and did not affect the attenuation mea-
surements significantly. The observation has been made that soot
concentrationis low where the flame temperature is high and vice
versa.

Flame temperatureaffects soot formationin two ways: 1) insignif-
icant changes in the peak flame temperature in the near nozzle does
not change fuel pyrolysis rate and the formation of soot particles,
and 2) on the other hand, higher temperatures in the far-burner re-
gionresults in a faster burning of soot particles. Therefore, the peak
value of sootconcentrationin the near-nozzleregiondoes notchange
markedly, whereas it decreases in the far-nozzle region with an in-
crease in interjet spacing. The results in Ref. 2 also reveal that soot
concentration, in case of the smaller interjet spacing (a/d = 18.5),
increases with an increase in the axial distance, reaches maximum
value in the midflame region, and then decreases in the far-nozzle
region. Similar findings have been reported by Prado et al.'?

Emission Indices of CO, NO, and NO,

Emission indices for CO, NO, and NO, are determined for all
flames by measuringtheirconcentrationsin the exhaustgases, which
are channeled through a trapezoidal collector. Emission indices are
presentedin terms of the mass rate of emission of a species per joule
of useful energy in the units of ng/J.

Figures 12-14 present the effects of interjet spacing on the emis-
sionindices of CO, NO, and NO, . Figure 12 shows the effects of in-
terjet spacing on the emissionindex of carbon monoxide. It appears
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Fig. 11 Effects of interjet spacing on soot concentration profiles in the
far-burner region (x/Ly = 0.67).
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Fig. 12 Effect of interjet spacing on the emission index of carbon
monoxide.

that the emission index of carbon monoxide increases with the in-
crease in interjet spacing. Oxygen concentration in the far-nozzle
region increases with the increase in interjet spacing and enhances
the oxidation rate of soot to CO; however, the oxidationrate of CO
to CO; is slow, which leads to an accumulation of CO.

The variation in the emission index of nitric oxide with interjet
spacing is shown in Fig. 13. The emission index of nitric oxide
increases with the increase in interjet spacing. This is attributed
to the fact that the reactions in midflame and far-nozzle approach
stoichiometric conditions with the increase in interjet spacing and
hence increases the NO emission index. Similar results, in case of
NO, emission,can be seenin Fig. 14. It is reported by Gupta et al.'?
that the ratio of NO, to NO emission indices is approximately two.
The results of the present study also indicate that the ratio of NO,
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Fig. 13 Effect of interjet spacing on the emission index of nitric oxide.
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Fig. 14 Effect of interjet spacing on the emission index of nitrogen
oxides.

to NO emission is two. This shows that although the amount of NO
formed increases with the increase in interjet spacing the relative
amountof NO,, whichis oxidizedto form NO, , remainsat a constant
ratio to the amount of NO, formed. This suggests that NO, formed
is not directly dependent on the interjet spacing, but rather on the
amount of NO formed.

Conclusions

With an increase in interjet spacing, the amount of oxygen pen-
etration through the space between the jets increases, which leads
to higher temperature, lower carbon monoxide formation, higher
NO production, higher carbon dioxide, and lower soot formation.
Furthermore, an increase in jet interspacing leads to a decrease in
flame length, an increase in merging length and liftoff height, and a
small decreasein radiativefractionof heatrelease. Emission indices
of CO, NO, and NO, increase with an increase in interjet spacing.
There are no indications of interactioneffects, because of all but one
interjet spacing, on atomization process in the near-nozzle region.
Atomization characteristics are affected at small interjet spacings,
namely, a/d =18.5.
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