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DROPLET SIZE EFFECTS ON NOX FORMATION IN A ONE—DIMENSIONAL MONODISPERSE SPRAY COMBUSTION SYSTEM

H. SARV S`` 	 A. A. IZAMI 	 N. P. CERNANSKY
Department of Mechanical Engineering,

Drexel University,
Philadelphia, Pa. 19104

A one-dimensional monodisperse aerosol spray combustion facility is described and experimental results of post
flame NO/NO emissions are presented. Four different hydrocarbon fuels were studied: isopropanol, methanol, n-
heptane, and n-octane. The results indicate an optimum droplet size in the range of 48-58 microns for minimizing
NO/NOx production for all of the test fuels. This NOx behavior is associated with droplet interactions and the
transition from diffusive type of spray burning to that of a prevaporized and premixed case. Decreasing the
droplet size results in a trend of increasing droplet interactions, which suppresses temperatures and reduces NO x .
This trend continues until prevaporization effects begin to dominate and the system tends towards the premixed
limit. The occurrence of the minimun NO x point at different droplet diameters for the different fuels appears
to be governed by the extent of prevaporization of the fuel in the spray, and is consistent with theoretical cal-
culations based on each fuel's physical properties.

INTRODUCTION

The combustion of liquid fuel sprays is current-
ly responsible for a large portion of the total ener-
gy consumption of the world. For example, most prac-
tical combustion systems, such as oil fired base load
power plants and home heating units, gas turbines,
diesel engines, direct injected stratified charge en-
gines, etc,, operate using liquid fuel spray firing
of the combustor. In these systems, a detailed un-
derstanding of the spray combustion phenomena is re-
quired in order to improve combustion efficiency and
to predict and control pollutant formation and emis-
sions. However, spray combustion depends upon and is
governed by complex physical and chemical phenomena
including simultaneous heat, mass, and momentum
transfer, and the associated energy liberating chem-
ical reactions. These factors are influenced by fuel
type, droplet size distribution and number density,
spray aerodynamics, ambient gas composition, and the
local temperature and pressure. Because of these
complexities and because of difficulties in direct
measurement under actual operating conditions, the
basic combustion processes, the rate of burning of
fuel droplets, and the pollutant formation processes
in spray combustion systems are not well understood
at this time.

In view of its importance, the problem of spray
burning has received considerable experimental and
theoretical attention and has been the subject of
several extensive reviews (e.g., Faeth, 1977, 1979;
Chigier, 1975; Nizami, 1978; and others). Of parti-
cular interest and importance is the behavior of spray

systems in the "transition region". In this region,
which encompasses droplet sizes in the range of 25-80
um diameter, the mixing and evaporation processes are
both incomplete at the flame front and the burning
occurs in a combined diffusive and premixed fashion.
Under these conditions, the relative importance of
heterogeneous and homogeneous effects in dominating
the combustion process is switched and gives rise to
a number of interesting and important effects. For
example, maxima in burning velocities (Polymeropoulos
and Das, 1975; Hayashi et al., 1976), extension of
flammability limits (Burgoyne and Cohen, 1954), mini-
ma in ignition energies (Rao and Lefebvre, 1973;
Ballal and Lefebvre, 1978; Chan and Polymeropoulos,
1981), and minima in pollutant emissions (Nizami and
Cernansky, 1978, 1979; Nizami et al., 1982) have all
been observed and reported. These transition region
effects have been reviewed and discussed by Nisami
et al. (1982). A brief overview of the behavior of
oxides of nitrogen (NOx) emissions in the transition
region is given below.

In their studies of NO x production in aerodynam-
ically stabilized, 40-80 um diameter, monodisperse
isopropanol/air spray flames, Nizami and Cernansky
(1978, 1979) observed significant droplet size effects
in the transition region and an optimum droplet dia-
meter with regard to lowest NO x levels. In general,
as the droplet diameter in the spray decreases, NO
also decreases reaching a minimum value around 50
microns droplet diameter. Further reduction in drop-
let diameter increases the NO x , ultimately reaching
the constant premixed value. At an equivalence ratio,
of 1.39, a 61% reduction in NOx and a 87.5% reduction
in NO were observed from the maximum values recorded
in the two respective modes. These studies were ex-
tended later to include five additional hydrocarbon
fuels with similar results (Nizami, 1978; Nizami
et al., 1982). Typically, NO x reductions at the op-
timum droplet diameter were in the range of 40-70
percent and the optimum droplet diameter occurred from
48-55 microns. The occurence of the minimum NO x point
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FIGURE I. SCHEMATIC OF EXPERIMENTAL FACILITY

at different droplet diameters for the different fuels
appeared to be governed by the extent of prevapori-
zation of the fuel in the spray, and was consistent
with each fuel's physical properties. The minimum
in NOx production as droplet size was varied was
associated with droplet interaction effects and the
transition from diffusive to premixed burning. Drop-
let interactions can result in a local temperature
suppression with a subsequent reduction in NOx pro-
duction; the transition point, and hence the signi-
ficance of the droplet interaction effects, is
governed by the extent of prevaporization.

While the experimental data and analysis were
consistent for the above work, the general experimen-
tal configuration with an aerodynamically stabilized
flame had undefined aerodynamic and mixing effects.
Such effects could possibly be important and signi-
ficant in biasing or affecting the data and conclu-
sions. Thus, the basic experimental facility was
modified to stabilize the flame on a screen flame
holder and one dimensionalize the flow system, there-
by eliminating these factors. This paper describes
this modified experimental facility and reports new
experimental data and results collected in the ab-
sence of mixing and aerodynamic effects on NOx forma-
tion in monodisperse spray combustion systems.

EXPERIMENTAL APPARATUS AND PROCEDURE

The basic experimental facility is shown sche-
matically in Fig. 1. The facility included a
Berglund-Liu Vibrating OrificA Monodisperse Aerosol
Generator (Model 3050). This i, , trument, when oper-

ating in its monodisperse range, produces a uniform
droplet stream with a standard deviation of less
than 1% of the mean droplet size which, in turn, can
be calculated to an accuracy of 2% or better from the
generator operating conditions. To form a monodis-
perse aerosol, this stream of uniform droplets must
be dispersed and diluted before significant coagula-
tion occurs. This is accomplished by using dispersion
and dilution air flows. The monodispersion ranges
of the generator were established for a variety of
orifices using the manufacturer's recommended "jet
deflection" method and further confirmed by an impac-
tion slide and microphotograph techniques. The
monodispersion ranges for the 20, 25, and 35 um ori-
fice plates used in the present study are shown in
Figure 2. Further details and characterization of
the basic experimental facility are presented else-
where (Nizami, 1978; Nizami and Cernansky, 1978).

After generation and dispersion, the spray of
monodisperse droplets is supplied to the desired com-
bustion system. In the original configuration used
by Nizami and Cernansky (1979), the monodisperse fuel
aerosols were supplied to and burned in an aerodynam-
ically stabilized self-supporting flame inside a py-
rex combustion tube. Primarily because of the un-
controlled mixing and aerodynamic effects in this con-
figuration, as described earlier, the facility was
modified to provide flame stabilization and one
dimensional flow in the burner section. The combus-
tion tubes were replaced with reducing and flow con-
trol sections directing the air/fuel aerosol to a
40 X 40 mesh stainless steel screen flame holder.
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The new system includes: a water cooled flame holder
to prevent uncontrolled fuel evaporation; a transition
piece with geometrically streamlined curvatures; ad-
justable upper and lower housings to provide flexi-
bility in burner height adjustment; and a baffle
plate to improve and control the mixing of the dilu-
tion air with the dispersed aerosol. The current
system configuration is shown in more detail in
Figure 3.
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FIG 3. ONE DIMENSIONAL VIBRATING ORIFICE BURNER DETAIL

Thespray of monodisperse droplets was burned in
a screen stabilized, one dimensional flame inside a
pyrex chimney (ID = 32 mm, length = 267 mm). Fuel
feed rate through the system was held constant at
0.382 cc/min. Measurements were made over the mono-
dispersion operating range of the system encompassing
droplet diameters from 36 to 70 um and equivalence
ratios from 0.8 to 1.2. To change the equivalence
ratio, the dilution air flowrate was varied keeping
the dispersion air flowrate constant at 1300 cc/min.
The ambient air temperature was 24 ° C for all the ex-
periments. Flame holders were primarily selected to
provide a stable flame and also to give approximately
the same approach velocity at the screen flame holder.
Thus, the combustor residence times were approximately
the same at all conditions, and consequently, any
residence time effects on NO  formation for the dif-
ferent operating conditions are expected to be insig-
nificant.

Prevaporized and premixed conditions were ex-
amined as well to give the small droplet size limit.
These prevaporized mixtures were made by mixing the
fuel and dispersion air in a tee and then passing it
through a vertical three-loop-helix wrapped with
heating tape. The liquid fuel was vaporized and the
mixture was heated to about 65 ° C before being intro-
duced into the burner through the normal dispersion
air path. This heating was sufficient to keep the
mixture above the dew point of the fuel and to avoid
condensation of fuel vapor on the combustor walls.
Normal cooling of the mixture after leaving the
vaporizer resulted in mixture temperatures near the
flame holder of about 26 ° C.

Four liquid hydrocarbon fuels (isopropanol, meth-
anol, n-octane, and n-heptane) were used for the ex-
perimental measurements. Post flame NO/NO x data were
collected using an uncooled aerodynamically quenched
stainless steel probe (0.30 mm orifice) at a fixed
axial location of 5 cm above the screen flame holder.
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Nitric oxide and total oxides of nitrogen were anal-
yzed using a Thermoelectron chemiluminescent NO/NO x
analyzer, modified for low pressure sampling. The
accuracy of these measurements was + 0.5 ppm with
a + 1 ppm day to day reproducibility. Temperature
measurements were made with a Pt/Pt-13% Rh fine wire
thermocouple (0.003 inch/0.075 mm diameter) attached
to the gas sampling probe. This combination temper-
ature and gas sampling probe is shown schematically
in Figure 4.

EXPERIMENTAL RESULTS

One dimensionality and symmetry of the flame for
three different droplet sizes were examined by tra-
versing the combination gas sampling/thermocouple
probe across the combustion tube, 4 mm above the
flame holder screen. The flame thickness for the
26.7 and 55.8 um droplet sprays was about 3 mm and
looked fairly flat. However, the flame shape for
69.1 pm droplets was extended to about 6 mm at the
center. With the exception of 69.1 pm droplets,
radial profiles of both NO x and temperature are in-
deed flat across the screen flame holder, as shown
in Figures 5 and 6, thus confirming the one dimen-
sionality of the burner system.

Axial traverses along the centerline of the
burner were made as well. Representative temperature
and NOx data for three droplet sizes and the associ-

ated premixed limit are shown in Figure 7. The data
show the peaking of NOx and temperature in the flame
zone with some reduction in the post flame region to
nearly steady or slowly diminishing levels. The rel-
ative thickness of the flame zone is indicated in
these types of plots. Based upon this information
for the range of fuels being tested, a fixed sampling
location on the burner centerline 5 cm above the
screen flame holder was selected for fuel and droplet
size comparison studies. This sampling location
avoids regions of high temperature and concentration
gradients.

Representative temperature and NOx results show-
ing the effect of droplet diameter over a range of
equivalence ratios are shown in Figures 8 through 11.
Where available, premixed limit data are shown as
data points at zero droplet diameter. For smaller
droplet sizes, the flame was pale blue and nonlumi-
nous. Imbedded within the pale blue zone were smaller
darker blue centers. The luminosity increased for
heavier fuels. The thickness of the flame increased
for larger droplet sizes, presumably because larger
drops take longer to burn and thus, travel for a
greater distance before burnout at the same flow vel-
ocity. A general trend, in these plots, is that NOx
decreases as the droplet diameter is decreased reach-
ing a minimum around 48-58 pm, and then increases to
a fairly constant value with any further decrease in
droplet diameter. Although the temperature and con-
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centration gradients are steep near the flame, this
trend is also illustrated in the radial traverses,
Fig. 6, where lower NOx levels are indicated with
55.8 pm than with 26.7 or 69.1 pm droplets. The
small droplet size limit is generally close to and
approaches the prevaporized premixed experiment re-
sults. The above mentioned general trend in NO
variation with droplet size was observed for all the
fuels tested in rich, lean and stoichiometric burning
situations. Also, it appears that, while the NO x
minimum points are not sharply defined in the current
data, the methanol minima are shifted to slightly
larger droplet diameters and the n-heptane and
n-octane data are shifted to slightly smaller droplet
diameters relative to isopropanol. These general
trends are in agreement with the theoretical calcu-
lations and the experimental data reported by Nizami
et al. (1982) in their aerodynamically stabilized
flame measurements. Thus, since aerodynamic and
mixing effects have been minimized in the current
system, these results and behavior indicate a true
droplet size effect on NOx formation.

DISCUSSION

The results just presented indicate that rela-
tive to larger droplet diameters (>60 microns), where
diffusive type of burning dominates, NO and NOx de-
crease with decreasing droplet diameter. These re-
sults are in agreement with the theoretical and ex-
perimental studies of Bracco (1973), Kesten (1972),
Labowski (1980), and others. For individual droplet
burning, decreasing the droplet size increases the
flame to droplet diameter ratio, reduces the flame
temperature, and therefore, results in reduced NO
production. In contrast to individual droplet com-
bustion, spray burning results in droplet interactions
which decrease the local oxygen concentration around
burning droplets, resulting in a subsequent reduc-
tion of flame temperature and NO x .

At smaller droplet diameters (<30 microns),
where premixed type of burning dominates, NO and NO
remain relatively constant with decreasing droplet
diameter. In this regime, sufficient fuel is pre-
vaporized and premixed prior to the flame front so
that the situation approaches the premixed case.

In the transition region (30-70 microns), where
the NO minimum is observed, the combustion under-
goes a transition from diffusive to premixed burning
domination of the system. As the droplet size is
reduced, additional fuel is prevaporized until the
situation resembles vaporized fuel seeded with small
liquid droplets, which eventually approaches the pre-
mixed case. As this transition takes place, rela-
tively less oxygen depletion occurs, and therefore,
the temperature and NO x go through minimum and grad-
ually increase to their prevaporized and premixed
levels.

The apparent shifts in the droplet diameters
associated with the NO minimum points for the vari-
ous fuels were found to be consistent with the ther-
mophysical properties of the fuels; some of these
thermophysical properties and evaporation parameters,
as reported by Nizami et al. (1982), are given in
Table 1. 	 The evaporation constants and
extent of prevaporization for the different fuels
were calculated and compared following the approach
used by Nizami et al. (1982). The procedure yields
reasonable relative results for extent of prevapori-
zation prior to the fuel spray reaching the flame
zone. Using isopropanol as the base case, the mass
ratios of fuel evaporated relative to isopropanol
for fixed initial droplet diameters were calculated.
The mass ratio for methanol was larger than one and
the mass ratios for n-heptane and n-octane were less
than one. Thus, methanol with its higher evapora-
tion ratio, requires larger droplets to produce the
same levels of prevaporization as the isopropanol
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base case. N-octane and n-heptane, on the other
hand, require smaller droplets to achieve the same
levels of prevaporization. Thus, these calculations
are consistent with the experimental data and indicate
the importance of the extent of prevaporization in
determining the NO  minimum point.

Nizami et al . (1982) have also suggested that
single component heavy fuels are expected to shift
the minimum NOx point to lower droplet diameters
than 50 microns. Further, in the case of multicom-
ponent heavy fuels, the behavior is expected to be
governed by the lighter components because they will
determine the prevaporization characteristics of the
fuel. In a polyAisperse spray of a heavy multicom-
ponent fuel, similar trends are expected. However,
additional experimental work will be required in
order to eludicate the NOx behavior in practical
combustion systems, which have different pressure
and temperature environments, and widely varying
droplet sizes.

CONCLUSIONS

A one dimensional aerosol spray combustion fa-
cility has been developed and characterized. Exper-
imental results of post flame NO/NO x emissions uti-
lizing liquid hydrocarbon fuels in this combustion
system have been presented. A significant droplet
size effect on NO/NO x emissions was observed for the
four fuels tested. Both NO and NOx decrease with
decreasing droplet diameter, reach minima (around
48-58 um droplet diameter), and then increase again
with further decreases in droplet size, eventually
approaching the premixed combustion limit. Further,
the minimum NO/NOx point shifts towards a smaller
droplet size for lower vapor pressure single compon-
ent fuels.

Overall, the observed effects are attributed to
droplet interactions and the transition from diffu-
sive to prevaporized and premixed burning. Droplet
interactions apparently result in local temperature
suppression with a subsequent reduction in NO x pro-
duction. The observed occurrence of the minimum NO
point at different droplet diameters for individual

fuels is explained through theoretical calculations
of the extent of prevaporization of the fuel in the
spray. The theoretical analysis and experimental
evidence indicate that the extent of prevaporization
is an important factor in determining the minimum
NOx point.

This study confirms the existence of a droplet
size dependence on NOx emissions in the transition
region in the absence of mixing and aerodynamic ef-
fects. Consequently, reduced NO x production should
be obtainable through appropriate droplet size con-
trol. This fact (and the associated experimental
data) may be useful in designing and optimizing
hydrocarbon fuel spray combustion systems.
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