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Fuel oil combustion is difficult to model because of the lack of detailed knowledge about the spray. In the
present article a mathematical model developed at Instituto Superior T6cnico and Imperial College is
described. The model is validated against data for a combustor fired by an industrial-type swirl burner, for
which the initial conditions of the spray have been characterized. With this advantage it is found that a fair
simulation of the subsequent aerodynamics and combustion is achieved. Systematic testing has shown that
such model failings as exist are linked to the prediction of the gas phase aerodynamics. Improvements will be
hard won with recourse to advanced models of turbulence. Burner designs that reduce NO, emissions are
frequently found to do so at the expense of augmented particulates emissions. New data are reported for the
emissions of NO" and particulates as a function of the burner swirl number. With the aid of the present
mathematical model the observed trends may be explained. It is concluded that the preferred burner that
minimizes the emissions of both is one that ensures rapid droplet vaporization and long residence times for
particulates in the internal recirculation zone of the burner. This is an aerodynamically achievable condition.

INTRODUCTION

The simulation of oil combustion poses many
problems and requires reliable models of the
complex processes of soot and cenosphere for-
mation and destruction. However, detailed in-
formation about the fuel spray, required as a
boundary condition for computations, is usu-
ally not available. Earlier studies [1] have suf-
fered from a lack of information about the
spray and this has limited the possibilities of
drawing reliable conclusions about the mathe-
matical model. It can be proposed that calcula-
tions should commence within the atomizer
itself, but this considerably complicates an al-
ready difficult task.

The present study benefits from a rather
complete set of combustion data collected for
an industrial heary fuel oil (HFO) that in-
cludes spray characterization measurements.
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This enables the aerodynamic and combustion
performance of the mathematical model to be
more specifically assessed. A simple model for
soot formation is included as soot strongly
affects the heat transfer rates and, through the
modified densities, the flow. Cenosphere for-
mation and destruction are, however, not mod-
eled since the ability to predict the combustor
flow and heat release, which is of interest here,
is not significantly influenced by these phe-
nomena.

Most previous HFO studies have considered
either NO, 12-71 or particulates emissions [8,
9]. Because, in most cases, options for reducing
NO" have an adverse effect on particulates
[10], emissions studies should encompass both.
This problem is addressed and new data re-
ported that reveal the dependence of the emis-
sions of these pollutants on the burner swirl
number. The predictions for corresponding op-
erating conditions are then deployed to assist
in the physical interpretation of the data.

The ability to validate mathematical models
of reacting two-phase flows is usually compro-
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mised by the lack of two-phase velocity data
and this is also the case here. The measure-
ment task for large flames is far from easy. By
way of compensation, a large number of sensi-
tivity studies were performed for several of the
existing data sets in order to isolate sources of
predictive discrepancies.

EXPERIMENT

Furnace

The rylindrical combustion chamber has a

vertical axis to minimize asymmetry due to
natural convection and biased ash particle de-
position and it is down-fired to facilitate partic-
ulate removal. The rylinder comprises ten wa-
ter-cooled steel segments, each 0.3 m in height
and 0.6 m in internal diameter. The roof sec-

tion and the upper five segments are lined with
a 0.09-m-thick layer of refractory and a 0.05-
m-thick ceramic fiber blanket sandwiched be-
tween the refractory and the water-cooled
jacket.

Figure 1 shows the arrangement of the top
end wall of the furnace. The burner consists of
a central gun and a secondary air supply in a
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conventional double-concentric configuration,
terminating in a refractory quarl. The burner
gun comprises a removable plain-jet airblast
atomizer and a support pipe that provides a

coaxial supply of fuel and air to the nozzle.
The atomizer, mounted at the end of the burner
gun, consists of a central fuel port surrounded
by six equally spaced air ports arranged tan-
gentially around a mixing chamber (Fig. 1).

The fuel is supplied to the burner using a
mono-progressing positive displacement pump
coupled to a variable-speed motor that is con-
trolled electronically. A loss-in-weight tech-
nique incorporating a weighbridge and a tim-
ing device ensures the good maintenance of
the desired fuel flow rate controlled by the
pump speed. The observed variation in flow is
within +3Vo over a sampling period of 120 s,

and negligible over longer periods. The fur-
nace, fuel feeding system, and measurement
techniques are fully described in Ref. 11.

Experimental Program and Data Retiability

An extensive experimental program over the
last 3 years has generated a large number of
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Fig. 1. Furnace roof and burner.
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in-flame data for HFO swirl burner flames in
the present furnace, details of which are avail-
able in [11-13]. The main properties of the
HFO used throughout these studies are given
in Table 1. The furnace operating conditions
for the new emissions data which are reported
herein are also given in Table 1. The experi-
ments for a secondary air swirl number (S,) of
0.9 were arbitrarily selected as the basis for
predictive code validation studies which are
presented. The comparisons with the other data
available [11-13] are entirely analogous to
those presented herein.

Prior to the combustion measurements the
Malvern 2600 Particle Size Analyzer was used
to obtain the droplet size distribution measure-
ments: the Rosin-Rammler function secured a
good fit of the data. A 4O-pcm-diameter plat-
inum/platinum-L3Vo rhodium fine wire ther-
mocouple was used for gas temperature mea-
surements, which led to uncertainties due to
radiation losses of about 7Vo in the regions of
highest temperatures and lower elsewhere. A
water-cooled, water-quenched probe was used
to withdraw the gases for the measurement of
the major gas species concentration. Fast
quenching of the chemical reactions was
achieved and the uncertainty due to the solu-
bility of CO, and unburned hydrocarbons in
water was negligible.
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The measured concentrations of NO, and
particulate emission were obtained with
water-cooled stainless-steel probes at the fur-
nace exit (X /DS : 45, where X is the axial
distance from the burner throat and DS the
burner throat diameter: 56 mm), where the gas
composition was nearly uniform. For the NO,
measurements, the probe outlet was connected
to a heated PTFE line through which the gases
were conducted first to a ryclone separator
immersed in an ice bath, to eliminate the mois-
ture and the larger particulates from the gas
sample, then to a microfiber filter, to remove
the remaining particulates, and finally on to a
chemiluminescent analyzet. Samples were
quenched near the probe tip to about 150'C
and condensation of water within the probe
was avoided by controlling the inlet tempera-
ture of the cooling water (typically to around
60'C). The measured concentrations of NO,
were typically less than 3Va of the total NO,
concentration, and although the NO, removed
in the cyclone separator by acid formation was
negligible, the measured values were neverthe-
less subject to errors such as that due to the
influence of sampling rate on the NO concen-
tration owing to the NO/NO, reactions. Only
the measured NO, concentrations are re-
ported. Reproducibility of the data was, on
average, within I0%.

TABLE 1

Fuel Characteristics and Furnace Operating Conditions

(a) Characteristics of heaoy fuel oil
Density at 288 K (kglm3)
Surface tension at 293 K (N/m)
Dgramic viscosity at 368 K (N . s/m2)
Carbon(wt.Vo)
Hydrogen(vt.To)
Nitrogen (wt.%)
Gross calorific value (MJlkg)

988

0.0284
0.051

86.4

9.8

0.35

42.5

Sulfur (wt.7o)

Orygen(wt. %)
Ash (wt.7a)

Asphaltenes (wt.7o)

Vanadium (w. ppp)
Conradson residue (wt. 7o)

2.97
0.44
0.04

6.9
53

12.9

(b) Fumace operating conditi.ons
Fuel mass flow rate (kglh)
Excess air (7o)

Secondary air swirl numbero
Atomizing air mass flow rate (kglh)
Secondary air mass flow rate (kg/h)

12

15

0.6-1.3
15

170.2

Fuel preheat temperature (K)
Atomizing air temperature (K)
Secondary air temperature (K)
Wall temperature (K)'

1<X/DS<1t.7
t1.7 <X/DS<22.4

368
293

573

1423 + 50
t323 + 30

ovalidation studies performed for S" : 9.9.

'For .s, : 6.9.
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Particulates were collected in a sintered
bronze filter, with a maximum pore diameter
between 3 and 6 pm placed inside a demount-
able head of a water-cooled probe (Land $-
rometer Ltd., Sheffield, England). The combus-
tion gases were withdrawn isokinetically
through the probe following the procedures
recommended in the British Standard BS 893
(1978). On leaving the probe, the moisture was

removed by a series of driers and the dry gas

flow rate measured using a positive displace-
ment gas meter. The filter was dried in an oven
at approximately L10'C to expel any moisture
and weighed on a microelectronic balance be-
fore and after sampling for each measurement.
The quantity of particulates passing through
the filter was negligible and radial traverses at
the exit sampling location indicated no spatial
variation in particulates concentration, with the
data reproducible within lUVo on average.

Substantial efforts were made to establish
and maintain flow symmetry in the furnace

[11]. In support of good flow symmetry, radial
profiles of the O, concentration lI2, 131 are

reported below for the whole furnace diame-
ter. The repeatability of the data was regularly
checked during each experiment. On average

all of the data could be reproduced to within
l0% of the mean value. The furnace flue-gas
was continuously monitored to sense any
change in the furnace operating conditions. In
addition, although every effort was made to
eliminate sources of gas leakage in the furnace
construction, the furnace pressure was main-
tained close to atmospheric. Approximately
55Vo of the thermal input was transferred
through the refractory lining of the five upper-
most segments and of the roof section to the
enveloping water-cooled jacket. The remaining
unlined water-cooled segments were responsi-
ble for the extraction of approximately 20% of
the thermal input. Heat balance calculations
resulted in an unaccountable residual energy
of less than 5Vo of the input.

MATHEMATICAL MODEL

Time-averaged eulerian equations for the con-

servation of mass, momentum, fuel mixture
fraction, enthalpy and soot mass fraction are
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solved for the gas phase. The standard k-e
turbulence model [14] is used. The pressure
field is calculated from the continuity equation
using the PISO algorithm [15]. The calcula-
tions are perfomed on a carefully specified
finite-difference grid of 54 x 54 nodes.

A finite number of droplet size ranges are
chosen to represent the continuous size distri-
bution of the actual spray. The momentum and
thermal balance equations for the droplets are
solved in lagrangian fashion. The turbulent
dispersion of droplets is simulated using a

stochastic separated flow model [16, 17]. The
liquid and gas phases are coupled through ex-
change processes of mass, heat, and momen-
tum, assuming negligible influence of local flow
discontinuities induced by the presence of the
discontinuous liquid-phase. The droplet-gas
coupling is incorporated in the numerical pro-
cedure using the PSIC technique [181. Due to
the stochastic nature of the procedure, a large
number of droplets have been considered in
order to obtain an acceptable representation
of the average spray distribution inside the
furnace.

In the spray combustion model, it is assumed

that the droplets act as distributed sources of
fuel which evaporate to form a cloud of vapor
(see Appendix). The fuel vapor diffuses to the
flame front, where it burns instantaneously and
irreversibly and in an one-step reaction with
the oxidant. The effects of the turbulent fluc-
tuations of mean species concentrations, den-
sity, and temperature are simulated by adopt-
ing a statistical approach that assumes that the
mixture fraction fluctuations are described by a
clipped gaussian probability density function
t1el.

The problematical matter of simulating the
formation of and destruction of soot must, to a
limited extent, be addressed when modeling
HFO flames. Very little of the fuel carbon
appears as soot so the primary function of the
soot model is the good characterization of the
optical properties of the flame. The soot con-
tents and sizes of typical HFO flames are gen-
erally so large that the blackbody limits are

approached and, as a consequence, the accu-
rate prediction of soot is not a prerequisite for
the good calculation of the radiation heat
transfer. To simulate the soot production a
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simple global expression is used [20]:

where P7, 6, R, and T, are the fuel partial
pressure, the equivalent ratio, the universal gas
constant and the local gas temperature. The
soot formation constant C, is taken as 0.01
kg,Z(N.m .s) from Ref. I and n as 3 and the
activation energy for soot formation E as 168
kJ /mol are taken from Ref. 20. Following Ref.
20 the lower and upper soot flammability limits
have been set to 2 and 8. Since soot is pro-
duced in the immediate vicinity of the droplets
the calculation of soot is based on the near
droplet_mixture fraction lll: fo:0 + f )/2,
where / is the calculated mean mixture frac-
tion. A simple method for estimating the rate
of soot burning is used [21]. Following conven-
tional turbulence concepts, the model pre-
sumes that turbulence decay of the mixing rate
is proportional to the magnitude of the time
mean soot concentration mr, and to the time-
scale of the large-scale turbulence motion e/k.
Depending on the oxygen concentration the
overall soot burning rate is given by

e I ffio* \5,1: Am,;minlt,----i- l. Q)K \ ZrS.+mss1l

where A is a model constant assigned the
value 4 127f, mo" and m, are the local mean
concentrations of oxygen and fuel, and s, and
J/ are the stoichiometric oxygen requirement
of soot and fuel.

An accurate treatment of the thermal radia-
tion transfer is essential to the proper predic-
tion of HFO combustion. The present model is
based on the method of Ref. 22, where the
fundamental radiation transfer equation is
solved within discretized solid angles, here
suitably modified for the axisymetric geometry.
At each elemental solid angle the radiant in-
tensity of a pencil of rays is assumed to be
concentrated along a particular ray. The change
in intensity of a ray traveling in a specified
direction through an absorbing and emitting
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medium at temperature Q is described by

oT-a: -kI + k--j-,
TT

where k is the absorption coefficient and o is
the Stefan-Boltzman constant. Equation 3 is
analytically integrated to yield the following
recurrence relation:

oT.4I,+t: 
=(1 

- exp(-fts)) + I,exp(-ks),

(4)

where In and I n *, are the intensities of the ray
on entry to and exit from a control volume and
s is the distance traveled. From Eq. 4 a radia-
tion source term for the energy equation is
obtained:

S, : (1, - In+)AdAdA, (5)

where dA is lhe area covered by the solid
angle dO with the direction of f,). Considering
the representative directions defined by dis-
cretizing the hemisphere centered on specified
wall grid points, Eq. 4 is applied successively
when a ray is traced between two opposite wall
points, until the arriving intensity at each wall
grid point is known.

To calculate the gaseous absorption coeffi-
cient the two-grey-plus-clear-gas model [23] is
used. The optical behavior of the soot is ac-
commodated, again following 1231, by discretiz-
ing the soot absorption coefficient such that it
is uniform at empirically determined values
within each of the bands of the grew-plus-
clear-gas model.

RESULTS AND DISCUSSION

Prediction of the Near Burner Region

The initial conditions for the spray calculations
were based on the experimental data obtained
under nonreacting conditions [11-13]. The
measured droplet size distribution averaged
over the width of the spray 75 mm down-
streaml of the atomizer exit plane (Rosin-
Rammler parameters: X : 53 Fm, N: 1.5)

lMeasurements closer to the atomizer were not obtainable
owing to high obscuration [11].

(3)
dI

(1) ds
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was discretized into 15 size ranges. Photo-
graphic evidence [11] showed that the liquid
breakup process was completed close to the
atomizer exit. It may be presumed that the
amount of droplet vaporization was negligible
between breakup and measurement. Computa-
tions were, therefore, initiated at the atomizer
exit for the experimental size distribution with
the droplets emanating from ten starting loca-
tions uniformly distributed over the inlet plane.
For each size range and starting location, ran-
dom trajectories for a sample of 20 droplets
were tracked. Initial droplet velocities were
estimated based on high-speed photographs of
the nonreacting sprays [11]; values of between
20 and 40 m/s were obtained. Finally, a

parabolic inlet fuel mass distribution was as-

sumed based on measurements obtained with a
radial patternator [11].

In the absence of two-phase velocity mea-
surements, Fig. 2 (see insert at beginning of
this article) shows the predicted gas flow pat-
tern and droplets' trajectories in the near

burner region (NBR) together with a photo-
graph of the flame. The apparent similarity of
the principal flow features is reassuring. The
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value of S, used (0.9) is large enough to gener-
ate a strong internal recirculation zone (IRZ).
An external recirculation zone (ERZ) is estab-
lished due to flow separation at the quarl exit.
The IRZ plays the crucial role in the stabiliza-
tion process of the present flame. This is a

result of the primary jet. containing the
droplets, being directly introduced into the
IRZ, which it penetrates to an extent depend-
ent upon its momentum and the degree of
combustion air swirl. The fast mixing of
droplets with the hot recirculated gases in the
IRZ results in high vaporization rates.

Figure 3 shows the comparisons between
predicted and measured radial profiles of oxy-
gen and gas temperature at several axial sta-
tions. At X/DS : 7.I4, reliable gas tempera-
ture measurements could not be obtained ow-
ing to the impingement of an excess of droplets
on the thermocouple wires. On the whole the
agreement is satisfactory, except at X /DS :
2.21, where significant discrepancies occur.
Many remedies have been tried, all without
success. Apart from grid refinement experi-
ments, these included: fairly drastic changes in
the spray initial conditions (e.g., droplet size
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distribution and droplet velocities as well as
fuel mass distribution) and initial gas velocity
profiles and turbulence levels.

The discrepancies at X/DS:2.2\, are fur-
ther explored in Fig. 4(a), which shows the
predicted and measured oxygen concentra-
tions, together with the calculated contours of
zero axial velocity and the (normalized) stream
functions that define the boundaries of the
IRZ and ERZ. It may be observed that at
X /DS : 2.21 the experimental oxygen concen-
tration peak (r = 75 mm), an indicator of the
presence of the secondary air flow around the
"real" IRZ, is well inside of the predicted IRZ.
The quality of the predicted oxygen concentra-
tion profiles could be suitably adjusted by de-
creasing S, to 0.5 as shown in Fig. 4b, but such
a "fix" has no justification. It serves only to
demonstrate the dependenry of the intricacies
of the NBR flow on the burner aerodynamics.

Measurements of NO, and Particulate
Emissions

Figure 5 shows the concentrations of NO, and
particulates in the flue-gas as a function of S,.
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Both NO, and particulate emissions signifi-
cantly decrease on increasing S" from 0.6 up to
about 0.9, beyond which a further increase in
S" up to 1.3 causes only small, but opposing,
variations: the NO" continues to decrease while
the particulates increase.

Emissions of NO", for HFO combustion,
have two sources: nitrogen in the combustion
air ("prsrnpt" and "thermal" NOr) and nitro-
gen compounds in the fuel ("fuel" NO,). There
is a general agreement that as a first approxi-
mation "prompt" NO, can generally be ne-
glected [10]. On the other hand, there is some
experimental evidence [4, 5] to suggest that
"fuel" NO, is the dominant contributor to
total NO, emissions. For example, even with a
relatively small amount of fuel nitrogen (0.24
wt.Vo), "fuel" NO, formation was shown to be
responsible for about 50Vo of the total NO,,
with fuels of higher nitrogen content showing a
relatively greater contribution of "fuel" NO,
[5]. Against this background and the knowl-
edge of the computed flow patterns Fig. 5 may
be interpreted as follows: at low values of S"
the jet crosses the fuel-rich IRZ so that "fuel"
NO, (and "prompt" NO,) formation is encour-
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Fig. 5. Influeirce of Sr on measuted NO, and particulate

emissions. Dotted line represents value for emissions as-

suming 100% conversion of carbon.

aged owing to partial droplet vaporization in
regions with relatively high O, concentrations.
Increasing S" strengthens the IRZ, thereby
increasingly confining droplet vaporization
within the fuel-rich IRZ. This results in pro-
gressively less fuel-N conversion to NO, (and

less "prompt" NO,). The increase in "thermal"
NO, formation with increasing S, due to the
higher NBR gas temperatures [13] eventually
serves to attenuate the decrease in the total
NO, emissions for values of S" in excess of
about 0.9.

Since the initial droplet size distribution is

constant for the five experimental conditions it
may be supposed with reasonable justification

l24l that similar cenospheres are formed re-
gardless of S,. The time-scale for the forma-
tion of the cenospheres may be expected to
shorten as S, increases due to increasingly
rapid droplet vaporization and, therefore, their
residence times in the NBR will be determined
by the locality of formation and the penetra-
tion depth into the IRZ. The lowest particulate
emission occurs for S, = 0.9, suggesting that
this is the value that optimizes the residence
times of cenospheres in the hottest region of
the flame. For S, ( 0.9, particulates increase

rapidly owing to the increased tendency of the
central jet to cross the increasingly weaker
IRZ. Conversely for S, > 0.9 a gradual reduc-
tion in penetration depths of the cenospheres
into the increasingly stronger IRZ can be an-

ticipated; this reduces their residence times
there and leads to a higher proportion of ceno-
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spheres leaving the crucial IRZ and, hence,
higher particulate emissions as the value of S,
approaches 1.3.

The overall performance of the present com-
bustor is typical of a good industrial one;
specifically, and referring to Fig. 5, the un-
burned carbon as a percentage of that in the
original fuel varies between 0.2Vo for S" : 0.6

and 0.0L7o for S" : 0.9.

CONCLUDING REMARKS

The ability to predict the combustion/
aerodynamics of fuel oil flames is compro-
mised by the need for information about the
velocities and size distribution of the droplets
emanating from the burner gun. When this
information is reasonably complete, as in the
present work, the complexities of the two-phase
flow in the NBR can be simulated to a useful
degree. Nonetheless, predictive deficiencies are

all too evident.
In the present study, and in the absence of

much needed reliable two-phase velocity data,
it is concluded that the failings are linked to
the aerodynamic forecasts. The flow field near
an industry-type oil swirl burner is character-
ized by subtleties that exceed those of the
conventional ft-e turbulence model.

The physical insight which the present com-
putations has afforded leads to the central
conclusion that the recurring conflict between
a burner with low NO, emissions and one with
low particulates emissions may be resolved
through careful attention to the aerodynamics.
The preferred burner is one that provides (a)

rapid vaporization of the droplets to ensure
fuel-rich conditions during this phenomenon
and so reduced NO, emissions, promoted by,

for example, a fairly intense IRZ, and (b) long
residence times of the primary stream in the
IRZ to ensure maximum burnout of particu-
lates, promoted by, for example, a primary flow
of high momentum that penetrates well into
the IRZ.
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search Council. Thanks are also due to Dr. P.
Costen for his assistance in the laboratory.

APPENDIX

A two-stage droplet life history was assumed:
heat up to the boiling temperature with no
evaporation followed by heat transfer con-
trolled vaporization. The rate of change of
droplet temperature is computed from
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The equations above are analytically inte-
grated to yield the following recurrence equa-
tions:

Ta.i, t : Ts + (Td.i- 4)"*( - m^,),
(A7)

where ft, is the gas thermal conductivity, p,
and Cpo are the density and specific heat of
the droplet, and the Nusselt number is given
bv [1]:

Nu : 2.0 + o.55Re112pr1/3 (A2)

Re, is the droplet Reynolds number defined as

Re, : ornolf, * 4l (A3)
lrE

The rate of droplet diameter diminution is
given by

dT, 6k Nu

": 
ooCooolq'-To\'

dD, 4k--+ : -6.--------{-ln(l + B),dt paCpsDa

where B is the transfer number:

^ Cpr(T, - To\
D: 

t, '

I 7.237 \1/2'

[t. *7;-1

(A8)
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where L is the latent heat of vaporization, and
C is an empirical correction factor to account
for the effect of convection on the evaporation
rate [25]:

c:7+ 0.278(Re/2Pr1/3)
(,46)
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Fig. 2. Composite of predicted gas flow pattem, droplet trajectories and flame photograph.


