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Abstract

Experiments have been performed in a kerosene airblast atomized spray flame where the fuel supply is sandwiched between two
coswirling air streams. A phase-Doppler particle sizing system was used to measure fuel droplet size, velocity and turbulent kinetic
energy of droplets and gas as well as the fuel volume flux within the combustor for two values of air preheat temperature, 200 �C and
400 �C. The results reveal that a small liquid fuel exists in the centre of the combustor and due to larger droplets with the swirl effect;
the droplets characteristics (velocity and turbulent kinetic energy) did not follow the gas ones. Based upon these measurements, an
optimum swirl number will exist with every atomization and burner arrangement of a liquid-fuelled flame associated and will be
different from that associated with the corresponding gas-fuelled flame. The investigated atomizer shows a marked influence of
the inlet air temperature on the measured droplet size which may be attributed to the design of the internal airflow, promoting
prompt atomization at the dominant atomization mode.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The combustion of liquid fuels currently provides the
energy used by a variety of power systems such as indus-
trial furnaces and boilers, as well as automotive and
aerospace engines. The performance of a given spray
combustion system depends not only on the fuel droplet
size distribution but on the spray spatial distribution
and the interaction of the droplets with the gas turbu-
lence that involves a physical mechanism that it is not
well understood [1]. For this reason, spatially- and tem-
porally-resolved information (i.e. the mean and root-
mean-square velocities of both phases, the mean droplet
size and droplet size distribution as well as the droplet
0894-1777/$ - see front matter � 2005 Elsevier Inc. All rights reserved.
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mass flux) needs to be determined in order to under-
stand the most favourable spray conditions for optimal
performance of the appliances. Up to now, no tech-
niques came closer to obtain these data than laser-based
diagnostic methods, which share the common advantage
of being inherently non-intrusive and in situ, and can be
made with high temporal and spatial resolution.

In this work, an experimental investigation is carried
out using the phase-Doppler anemometry (PDA) [2] in
order to measure the characteristics of the fuel droplets
interacting with the flow/flame in a typical turbine com-
bustor. The stabilized kerosene flame is formed by a cos-
wirling double annular flow and a prefilming airblast
atomizer [3], which is used because of its advantages
such as a low fuel pressure requirement, a large flow
turndown ratio and low pollutant emissions. Earlier
experimental investigations [4–7] have revealed that the
swirling air streams apart from enhancing mixing,
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Nomenclature

AFR air-to-fuel mass flow rate ratio (–)
Az reference area (m2)
b function in the PDA system (–)
C, C 0 efficiencies of the atomization process
Cl constant in the expression of lturb
d droplet diameter (m)
d0 initial droplet diameter (m)
db droplet diameter before a break-up (m)
di diameter of the i-droplet (m)
dp particle diameter (m)
D combustor diameter (m)
Db diameter of the atomizer throat (m)
FLz liquid flux in the z-direction (m3/m2 s)
FD frequency of Doppler burst (s�1)
k turbulent kinetic energy (m2/s2)
K constant of evaporation (m2/s)
lturb turbulence length scale (m)
lmin minimum length of the probe volume (m)
_mA atomizing air mass flow rate (kg/h)
_mL liquid-fuel mass flow rate (kg/h)
n number of validated droplets (–)
r radial coordinate (m)
S0,th theoretical swirl number (–)
Sin inner swirl number (–)
Sou outer swirl number (–)
Stswirl swirl Stokes number (–)
Stturb turbulence Stokes number (–)
SMD Sauter mean diameter (–)
SMD0 initial Sauter mean diameter (–)

t time (s)
tL thickness of the liquid film (m)
T0 air preheat temperature (�C)
Dts sampling time (s)
Dt1–2 time difference between two-burst signals (s)
U mean axial velocity component (m/s)
UA atomizing air velocity (m/s)
UL liquid-fuel velocity (m/s)
U? particle velocity normal to the fringes (m/s)
V mean radial velocity component (m/s)
W mean tangential velocity component (m/s)
z axial coordinate (m)

Greek letters

e dissipation rate of k (m2/s3)
ci particle trajectory angle
k wavelength of the laser beam (m)
l dynamic viscosity of the gas (kg/m s)
lturb turbulent viscosity (kg/(m s)), qAClk

2/e
h intersection angle between the laser beams

(rad)
qA air density (kg/m3)
qL liquid-fuel density (kg/m3)
r liquid-fuel surface tension (N/m)
srelax droplet relaxation time, qLd

2/18l (s)
sswirl swirl characteristic time of the gas flow,x�1 (s)
sturb turbulence time scale of the airflow (s)
x angular velocity of gas (rad/s)
Du1–2 phase shift between two-burst signals (rad)
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increasing combustion efficiency and controlling emis-
sion of pollutants from the combustion, also promote
the disintegration of the liquid sheet. On the other hand,
this double concentric burner allows for variation of the
radial distribution of swirl via control over the axial and
angular momentum of the jets in the two annuli of the
burner. As such, at a fixed overall swirl number, the de-
tailed flow distribution can be significantly different un-
der various operational conditions of the burner. By
introducing the swirling flow through concentric annuli,
it is possible to control the radial distribution of flow
and swirl for achieving significantly different flame sta-
bility limits, levels of turbulence, volumetric heat release
rates, and combustion characteristics in general [8–10].

The combustor configuration selected for this study is
of practical interest since it is typical of industrial de-
vices and is a compromise between the complexity of a
real situation and a simplified laboratory model. In
addition, the influence of the higher inlet air temperature
on the spray characteristics and evaporation has been
studied by measuring an additional complete data set
for the same mixture in the present geometry.
2. Experimental arrangement

2.1. Atomizer

The swirl-stabilized combustor employed was a
model laboratory complex flow combustor developed
in a series of tests. The air stream was electrically pre-
heated up to 400 �C and split equitably between an inner
channel and an outer annular passage. The fuel was
pressurized to 8 bar and delivered to the injector. The
spray liquid sheet was injected from the fuel nozzle,
which induces a low swirl due to its shape and first
encounters the swirling inner airflow. This latter makes
the liquid sheet unstable and disintegrates it into liga-
ments and droplets. The smaller droplets follow the
flow, but the larger ones and fragments of the sheet at-
tach to the prefilming surface forming a thin wavy film,
and interfacing the inner swirling air. Upon arriving at
the prefilmer lip, the film separates and is then exposed
to high-speed swirling air streams on both sides. The li-
quid sheet–air interaction generally produces waves that
become unstable and disintegrate into fragments. These
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fragments become ligaments and, in turn, break down
into droplets. The review of several investigations car-
ried out [11] reported that the important parameters
influencing the atomization of low viscosity liquids (such
as kerosene) are the initial thickness of liquid sheet and
the air momentum. The interaction between the oxidizer
flow field and droplets is very complex including turbu-
lent heat, mass and momentum transfer as well as com-
plicated chemical kinetics. Each of these phenomena is
extremely complicated in its own right, and when cou-
pled together in a real flow situation, forms a formidable
challenge for the combustion research.

2.2. Optical diagnostic

The PDA technique was used for droplet sizing and
velocity measurement. This technique determines the
droplet velocity by standard fringe mode laser anemom-
etry, and establishes the droplet size by measuring the
phase shift of light encoded in the spatial variation of
the fringes reaching two detectors after traveling paths
of different lengths through the droplets (Fig. 1a). The
phase shift is measured by two detectors, each looking
at a spatially distinct portion of the collection lens.
The frequency of the Doppler burst is directly propor-
tional to the droplet velocity component perpendicu-
lar to the plane of fringes and the measured phase
shift is related linearly to the droplet diameter by a
so-called phase factor, which is determined by the geo-
Fig. 1. (a) Band-pass filtered Doppler burst signals illustrating the phase sh
phase-Doppler system.
metry of the optical arrangement of the PDA system,
the wavelength of the laser light, and the mechanism
of light scattering (reflection or refraction). To eliminate
the ambiguity associated with spatial phase shifts of
over 360�, an additional detector may be added. The
technique is insensitive to the amplitude of the scattered
light and provides additional local point information
including liquid flux, drop number density and size–
velocity correlation. The theory of operation of a PDA
system is well-established [12] and therefore will not be
repeated here.

The specific instrument employed here was a two-
colour dual-mode PDA [13]. As shown in Fig. 1b, it
combines a standard two-detector PDA (SPDA)
arrangement on one colour and a planar two-detector
PDA (PPDA) one on another colour in a single appro-
priate optical receiving probe. In the first configuration,
the detectors were located outside of the plane defined
by the incident laser beams; conversely, in the second
one the detectors were located in the same plane as the
incident beams. This design was developed to improve
measurement accuracy of liquid volume flux [14].

The size measurement was performed using the phase
difference measured with the standard PDA due to its
higher resolution; the planar PDA is used to resolve
the 2p-ambiguity. The validation criterion consists of
comparing the droplet diameter measured by the PPDA
(equatorial line) with the droplet diameter measured
by the SPDA (meridian line) to determine whether the
ift between two detectors and (b) optical arrangement of a dual-mode
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measurement will be accepted or discarded. As both
PDA configurations are affected in a different sense by
the trajectory effect [15], the slit effect [16] and non-
spherical droplet [17], this validation procedure provides
an effective means to identify and reject erroneous mea-
surements. The validation routine also includes a step
which rejects signals when droplets have not crossed a
minimum length of the measurement, lmin, which is a
specified percentage of the nominal measurement
volume diameter. This validation step is necessary in
connection with the determination of the effective mea-
surement volume size. Another advantage of the dual-
mode PDA system is that since it inherently measures
two velocity components, the liquid volume flux vectors
can be computed for each vector component. Its mea-
sure is based on the count of the number and size of
droplets passing through a reference area, A(di, ci) per
unit time as given in the equation below for the compo-
nent of the volume in the z-direction (main direction of
the flow):

fv;z ¼
p

6Dts

Xn
i¼1

d3
i

Azðdi; ciÞ
cos ci ð1Þ

where n denotes the total number of detected and vali-
dated droplets, and di and ci are the diameter and the
trajectory of the ith droplet. The droplet size dependent
cross-section of the measurement volume Az(di, ci) is cal-
culated by the so-called burst length method [18], which
is modified slightly to yield more accurate results in size
classes with few droplets and to account better for
particle trajectories [13].

2.3. Operating conditions

The combustor was operated at atmospheric pressure
with a kerosene flow rate of 2.5 kg/h, corresponding to
a thermal power load of 30 kW. A total air flow
rate of 73.50 kg/h was distributed equally between both
streams, resulting in an overall equivalence ratio of
approximately 0.5. The Reynolds numbers of the flow,
based on the hydraulic diameter, were 33,300 and
24,980 for inner and annular airflows, respectively. The-
oretical swirl numbers (S0,th) of both inner and outer air-
flows (Sin and Sou) were calculated using only
geometrical data of the radial swirl generator [19] such
as the ratio of tangential to axial momentum flux di-
vided by the diameter of the burner throat, Db = 25 mm.
According to this, the swirl numbers are 0.46 and 1.0 in
the inner and outer flows, respectively. However, since
the droplets absorb both angular and axial momentum
from the airflow in the process of atomization, the
resulting airflow swirl numbers can be slightly modified.

The flow control system for the burner consisted of a
series of rotameters, pressure gauges, and control valves
to measure and regulate the airflow rates prior to their
entry into the two annuli and fuel flow rate into the noz-
zle of the burner. The spray was ignited by a high volt-
age spark and the flame was confined in a 10-cm internal
diameter cylindrical combustion chamber. Limitation of
the main reaction zone was provided by an orifice with
40% diameter reduction placed at the exit of the com-
bustion chamber. Two plain quartz windows were
mounted to provide the desired optical access into the
combustion chamber. The entire burner was fixed and
the optical setup was mounted on a three-axis stepper
motor traverse system.

The light source was a multi-line argon ion water-
cooled laser (Coherent Innova 70) operating at 488 nm
and 514.5 nm with approximately output power of
200 mW. In the fibre drive unit, the laser light was colour
separated (514.5 nm for the axial component, 488 nm for
the radial or tangential component) and the two beams
split into four and coupled into monomode glass fibres,
which conducted them to the transmitting optics unit.
One beam of each colour was frequency shifted by
40 MHz through a Bragg cell for the purpose of direc-
tion recognition of the velocities. The polarisation direc-
tion was adjusted perpendicular to the scattering plane.
The transmitter aligned and focused the four beams to
form the probe volume, which was around 53 lm in
diameter and 2 mm in length. The scattering light is col-
lected by a receiving lens with a focal length of 400 mm,
which is placed at a 30� off-axis forward scatter mode,
where the scattering of light by refraction is in the dom-
inant mode and yields a linear relation of particle size
and phase between the photodetectors over the detect-
able size range of the instrument. After colour separa-
tion by filters, the light fell onto the detectors regions
where it was coupled again into glass fibres to reach
the photomultipliers and transformed into electrical
signals. The signals were processed by a covariance-pro-
cessor of the PDA system. With this processor, the fre-
quency and the phase shift of the filtered and amplified
signals are determined. The signals are processed if the
signal to noise of the every burst of a droplet is �3 dB
or better. The measuring error for the mean and the
r.m.s. velocity is about 1% and 3%, respectively. The
uncertainty of the droplets size measurements is about
±5%, which is the aggregate error due to possible optical
misalignment, changes of droplet refractive index during
heat-up, and photomultiplier voltage setting. The uncer-
tainty of the liquid volume flux is about 15% due to the
Gaussian beam effect, the spherical validation and the
calculation of the cross-sectional area [20].
3. Results

In the following section, the experimental results for
the air preheated temperature of 200 �C are discussed
in more detail. The measurements include velocity com-
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ponents, turbulent kinetic energy of both phases, droplet
size, droplet number density and the liquid volume
flux. For each measurement location, 5000 samples are
recorded to allow a determination of the mean proper-
ties with low statically error. No measurement was made
when the data rate was below 5 Hz. In addition, mea-
surements below an axial height of 11 mm were not pos-
sible, due to optical access restrictions.

3.1. Flame form

Fig. 2a presents a time-exposure direct photograph of
the investigated flame. It shows the stabilized inverted
conical flame detached from the front wall, and slightly
lifted from the nozzle mouth. By stabilizing a detached
flame, a gap between the atomizer and the flame front
occurs. In this gap the fuel is prevaporized and premixed
and so a lean homogeneous combustion can be obtained
without a premix duct.

Fig. 2b shows pseudo-streamlines on the z–r plane
based on the mean axial and radial velocity components
for a stable flame. The overall structure of the gas flow
field can be mainly divided into three regions: a central
toroidal recirculation zone (CTRZ), caused by the
adverse pressure gradient induced by the swirl, a corner
recirculation zone (CRZ), due to the air stream radial
expansion and the wall confinement; and a dual shear
layer (inner layer around the CTRZ and the outer layer
around the CTZ). Both recirculation zones entrain smal-
ler droplets and hot chemically active combustion spe-
cies from the downstream region of the flame to the
root of this one to improve flame stability. In general,
the lowest mean temperature occurs in the CRZ because
of the cooling wall effect and the highest temperature
fluctuations occur in the shear mixing region where gra-
dients are large.
Fig. 2. (a) Photograph of the flame spray and (b) qualitative sche
3.2. Droplet size

An effective method of expressing the quality of
atomization is the mean diameter. Probably, the most
common form of mean droplet size is the Sauter mean
diameter (SMD), which has the physical interpretation
as the diameter of a droplet whose ratio of volume to
surface area is the same as that of the entire spray. The
variation of the SMD at several axial and radial
stations is presented in Fig. 3. In all given measure-
ments planes the smallest droplets are found in the
vicinity of the wake of the atomizer lip. Because of
their high inertia, only large droplets are able to pene-
trate the region of hot recirculating combustion gases,
so that a relative concentration of droplets with
20 lm < SMD < 70 lm within the radial range from
0 < r < 10 mm at z = 11 mm is observed. In the CTRZ
with increasing the distance from the inlet, SMD shows
a quick decrease due to the fast evaporation of the
droplets. Due to the swirling motion of the gas flow
and to resulting centrifugal forces, larger droplets are
separated from the smaller ones and cause an increase
in droplet size at higher radii. Because of their small
surface to volume ratio, large droplets evaporate later,
resulting in a less dependence of SMD on local mea-
surement position with increasing distance from the
atomizer.

A further analysis of these measurements data con-
cerns the probability density function (pdf) of the drop-
let size and velocity components and reveals that all
pdfs exhibit monomodal shapes. An example of the
droplet diameter distribution at distance z = 11 mm
from the nozzle is shown for three radial locations in
Fig. 4a. For r = 4 mm, i.e. at a position quite close
to the nozzle, the date rate is low and the distribu-
tion is more narrow since 90% of the droplets have a
matic of the gas flow field inside the combustion chamber.
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Fig. 3. SMD radial profiles at various axial locations.
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diameter lower than 9 lm. Close to the shear layer
(r = 20 mm), the spray is very dense and due to the
presence of various droplet sizes the distribution be-
comes rather wide and displays a discrete maximum.
For r = 32 mm, i.e. at a position close to the out-
side of the spray, the date rate is very low and the dis-
tribution is more broad, showing a large variation in
droplet size and a broad maximum ranging from 18
to 35 lm which represents almost half of the popula-
tion. Fig. 4b presents the variation of the SMD with
the size of the considered droplets. It reveals that,
despite of the weak presence of the large droplets, the
latter influence considerably the measured value of
SMD. However, this effect is non-existent for the value
of the turbulent kinetic energy (Fig. 4c) because these
large particles have a low value of the pdf(di) and the
turbulent kinetic energy, ki, simultaneously.
3.3. Drop number density and volume liquid flux

The fuel droplet number density is an important
parameter for characterizing and understanding the col-
lective behaviour of droplets in spray. The effects of
drop acceleration/deceleration and collision can also
be evaluated based upon number density distribution
information. The distribution variation of this quantity
is shown in Fig. 5a. At the inlet of the combustion cham-
ber, the radial profile is characterized two peaks which
indicate that few (larger) droplets coming from the inlet
are still present in the boundaries of the CRTZ, while
at the same time more droplets are entrained into the
shear layer of the CRZ and disappear. As downstream
distance increases, the droplet number density generally
exhibits a gradual increase with radial distance to reach
a peak, followed by a decrease to zero at the spray
boundary. When traversing further downstream, the
fuel droplet number density is found to be decreasing
because of the spreading of the jet, as well as the droplet
vaporization and eventual disappearance.

The liquid flux provides the criteria for the evaluation
of the evaporation and the mixing rate in the spray.
Local fuel/air mixture ratio determines the effectiveness
of the spray combustion. The data are obtained via the
validated drop size measurements in the probe volume
during the entire sampling period. The radial profiles
of the axial liquid flux shown in Fig. 5b are found to
be similar to those of the droplet number density and
the spray is spreading according to the cone of 84�. Note
that inside the CTRZ, though the SMD profiles indicate
the presence of droplets, the latter are in such small
numbers, which evaporate rapidly (small droplets in
the higher temperature region), that the liquid flux is
negligible. Globally, the liquid flux is positive in all re-
gions but it has been measured negative (with very small
values) for both droplets class sizes, 0–4.5 lm and 4.5–
9 lm, in the centre of the CTRZ and near the wall as
it has been shown in Fig. 6.

These results point out that this configuration sub-
jects the fuel spray to a large injection angle, causing a
void of droplet concentration in the CTRZ. Far down-
stream, the liquid flux is distributed more uniformly
over the whole cross-section of the spray since mean
droplet sizes and droplet velocities become more uni-
form. However, the internal recirculation zone is not
evident in the liquid volume flux profiles. This is because
the larger droplets with axial velocity (positive) higher
than the mean value of all droplets (negative), do not re-
verse their direction and result in a positive total axial
liquid volume flux (Table 1).

3.4. Gas and drop velocities

One parameter that is of utmost importance for com-
bustion spray modelling is the velocity of droplets, since
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drag coefficients and trajectory angles can be determined
from this information. Because of the complex interac-
tion between the dispersed and gas phases, velocity
and trajectory angle are difficult to model. It is useful,
then, to display these characteristics for this selected
burner.

The fidelity with which a droplet is able to follow the
swirling gas flow is quantified in terms of the swirl



D
ro

pl
et

s 
nu

m
be

r 
de

ns
ity

 [S
–1

]

M
ea

n 
ax

ia
l l

iq
ui

d 
vo

lu
m

e 
flu

x 
[c

m
3 /

cm
2 .

s]

Fig. 5. (a) Droplets number density radial profiles at various axial stations and (b) axial liquid volume flux radial profiles at various axial stations.

124 R. Hadef, B. Lenze / Experimental Thermal and Fluid Science 30 (2005) 117–130
Stokes number, Stswirl, which is defined as the ratio of
the droplet relaxation time srelax to the swirl characteris-
tic time of the airflow sswirl [21]:

Stswirl ¼
srelax
sswirl

ð2Þ

Its value indicates whether droplet movement in the
swirling airflow is dominated by centrifugal forces,
resulting in radial displacement of the droplet, or
whether it is dominated by the drag force, causing the
droplet to follow the streamlines of the airflow faith-
fully. The latter case is expected for Stswirl < 0.1, in
which case the droplet is able to closely follow the
curved fluid stream. For 0.1 < Stswirl < 1 the drag force
is not clearly dominant and the droplet will be centri-
fuged out of the swirling flow streamlines sooner or
later. If the Stswirl is very large, i.e. Stswirl > 1, then the
droplet is too heavy to respond to the airflow movement
and will be centrifuged across the fluid streamlines. Esti-
mating the angular gas velocity, x, from x =W/r, the
calculated Stswirl-value for the present study falls in the
range from 0.09 to 0.006 for droplet diameter equal to
4.5 lm (Fig. 7). The implication is that the measured
values of the U, V and W in the size class 0–4.5 lm
are adequate approximations to the gas velocity.

Fig. 8 displays the comparison between the two-phase
three mean velocity components and shows that the
droplets follow the gas perfectly only directly down-
stream of the nozzle exit where the smaller droplets
are concentrated. Examination of the radial profile of
mean gas axial velocity in Fig. 8a reveals a well-pro-
nounced central recirculation zone, characterized by



Fig. 6. Spatial distribution of the axial volume liquid flux (cm3/cm2 s).

Table 1
PDA measurements at z = 11 mm for r = 2 mm

Droplet size (lm) Liquid flux (cm3/cm2 s) Axial velocity (m/s)

0–4.5 �5.43 · 10�11 �12.081
4.5–9 �2.20 · 10�9 �16.840
9–13.5 +2.94 · 10�9 +15.80
13.5–18 +1.74 · 10�8 +10.87
18–22.5 +4.72 · 10�8 +19.79
22.5–27 0

Volume diameter: 15.27 lm; Sauter mean diameter: 20.76 lm; mean
axial velocity: �4.853 m/s; mean volume liquid flux: +6.53 · 10�8 cm3/
cm2 s.

Fig. 7. Swirl Stokes number distribution for droplet size 4.5 lm.
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negative values of this component closed to the centre
line. It is interesting to observe that in the corner at
the near-wall region the values of U are negative for
the gas (depicting the CRZ), but positive for the drop-
lets. This implies the droplets are incapable of following
the gas movement and consequently penetrating the
CRZ. At all measurement planes the results show that
for both phases the mean axial velocity increases with
the radial distance to reach a maximum value and then
decreases toward the outer edge of the spray. As the flow
diverges downstream, this maximum decreases. How-
ever, the result that catches the eye is that the droplets
mean axial velocity component is found to be higher
than that of the gas. This difference is more pronounced
further downstream as well as in the CRZ (predomi-
nance of large droplets) due to the fact that droplets
with negative velocity are not measured because they
evaporate completely since they would have longer resi-
dence time inside the CRZ. In these areas the droplets
cannot follow the local gas velocity profile and as a
result the droplets ‘‘overshoot’’ the gas and the spray
phase acts as a momentum source for the gas phase.

Generally, all profiles of the mean radial velocity
show the typical behaviour of jets, i.e., linearity with
radial distance in the centre region, followed by a
decrease in the outer periphery (Fig. 8b). They reveal
that there exists an inward motion of the droplets just
downstream of the nozzle opening within the CTRZ.
The radial velocity values are found to be close to those
of the axial velocity, signifying large spreading in the
radial direction. Therefore, the droplets cross the gas
separation streamline as in liquid spray burning in the
wake of a stabiliser disk [22]. It may be observed that
the droplets exhibit a radial velocity larger than the
gas in the inner and outer regions. The consequence is
that the mean trajectory of the droplets is more steeply
inclined outwards from the centreline than that of the
gas. In the shear layer of the gas jet, the situation is re-
versed because of the fuel vapour addition and heat re-
lease from the flame, which cause an acceleration of the
gas through their effects on the gas density. Further
downstream, spreading of the jet and momentum loss
to the droplets cause the gas to decelerate.

The radial profiles of the mean tangential velocity
component for the liquid phase show trends similar to
those of the gas (Fig. 8c). It consists at the nozzle exit
of the combined forced-free vortex. It should be noted



Fig. 8. (a) Axial velocity component radial profiles at various axial stations, (b) radial velocity component radial profiles, and (c) tangential velocity
component radial profiles at various axial stations.
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that at all positions, the droplets mean tangential veloc-
ity lags behind the gas one since the droplets (being
large) have low velocities due their higher inertias. With
growing axial distance, the tangential mean velocity
decreases substantially in the central region, without
any change in the periphery of the spray. Further down-
stream, the effect of inlet conditions (Rankine vortex
structure) vanishes and the profile becomes uniform.
The non-zero values recorded near the axis may arise
from a residual alignment error or some instability of
the central vortex location, as suggested by the higher
turbulent kinetic energy values measured on the axis.

So far, the discussion has focused on the response of
the droplet movement to the swirling gas flow. The con-
cept can be extend to relate the turbulent response of the
droplets to the turbulent motion of the gas through a
turbulent Stokes number, Stturb, that characterizes the
filtering affected by the inertia [23]:
Stturb ¼
srelax
sturb

ð3Þ

An estimate of the time scale of the gas turbulence, sturb,
can be based on a ratio of a turbulence length scale, lturb
and the square-root of the turbulent kinetic energy of
the gas, k [23]:

sturb � lturb=
ffiffiffi
k

p
ð4Þ

Here, lturb, is set as 1=
ffiffiffi
e

p
of the radius of the burner

throat and hence lturb � 0.36Db [24].
Fig. 9 shows radial profiles of the turbulent kinetic

energy, for both gas and liquid phases, which is calcu-
lated using all three components of the velocity variance.
The profile of k for the gas displays a discrete maximum
whose radial position is defined by the intense produc-
tion of turbulence in the shear region at the outer
boundary of the internal recirculation zone where the



Fig. 9. Turbulent kinetic energy radial profiles at various axial
stations.
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respective gradients ‘‘oU/oz’’, ‘‘oV/or’’ and ‘‘V/r’’ reach
high values and hence dominate the turbulent genera-
tion rate, which is written in axisymmetric cylindrical
coordinates as

Pk ¼ lt 2
oU
oz

� �2
þ oV

or

� �2
þ V

r

� �2( )
þ oU

or
þ oV

oz

� �2
 

þ oW
oz

� �2

þ oW
or

� W
r

� �2
!

ð5Þ

The ‘‘oU/or’’ and ‘‘oV/oz’’ terms were found in a sepa-
rate investigation [25] to have the same order of magni-
tude but opposite contributions, which nullifies the effect
of their sum on Pk. The last two terms in Eq. (5) could
be neglected without incurring any significant error as
their magnitudes are considerably smaller when com-
pared to the other terms. Farther downstream, the tur-
bulence level begins to decay owing to the diffusion
toward to the outer shear of the turbulent kinetic energy
and to its transfer to droplets. In particular, this attenu-
ation is significant in the shear layer because of the
additional dissipation introduced by the presence of
droplets, which increases with Stturb and the droplet
number density [26]. At a height of z = 30 mm, the peak
disappears and the profile of k becomes almost uniform.

The turbulent kinetic energy of the droplets follows
the same trend as that of the gas. However, the most
noticeable difference is that the droplet turbulent kinetic
energy is everywhere smaller than the gas one. This is
evident as the droplets are large and the calculations
of Stturb suggest that only droplets smaller than 25 lm
can be affected by the large turbulent eddies of the gas
flow. It may then be deduced that the gain in the turbu-
lent kinetic energy (no decrease in spite of the diffusion)
for the droplets is mainly due to the ‘‘fan spreading’’
phenomena [27]. Here, given the high value of Stturb
for the droplets in this region, turbulence cannot be
transferred from the air to them, and hence the turbu-
lent kinetic energy of the droplets is generated by the
superposition of droplet (Stturb < 1) trajectories from
different regions of the flow. Similar results are obtained
in a numerical simulation [28], where the Eulerian/
Lagrangian approach was used to study the particle dis-
persion within turbulent shear flows.

Fig. 10 (right side) displays a flow field of droplets as
a vector plot overlaid on the SMD. Every vector repre-
sents the sum of the local axial and radial velocity com-
ponents at all measured positions. This figure clearly
shows the limit of an internal recirculation zone with a
very small amount of liquid fuel and a dispersion of
droplets to the wall with large radial velocity.

3.5. Influence of air preheat

Since the desired performance requirements in terms
of higher engine thrust/weight ratio and lower specific
fuel consumption will call for higher turbine inlet tem-
peratures, measurements were also conducted at an air
preheat temperature of 400 �C with the same operating
parameters. This implies that an increase in the air inlet
temperature raises the gas velocity (consequently the
droplets one) as it has been displayed in Fig. 10 (left
side). Since the air of the swirled inner airflow has a large
normal velocity component relative to the fuel film in the
Venturi, the prompt atomization criterion applies here
[29]. This process is assumed to occur if the airflow
impacts on the liquid film at an appreciable angle. In
this case, the interaction between the liquid and the



Fig. 10. SMD (lm) and vector velocity (U, V) distributions of droplets at air preheat temperature of 200 �C and 400 �C.
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atomizing air is both strong and immediate. In conse-
quence, the liquid sheet emerging from the nozzle has
no time to build up the wavy structure but is violently
torn into small fragments by the vigorous interaction cre-
ated between the liquid and the colliding air jets. These
fragments then contract into ligaments, which in turn
fracture rapidly, forming droplets of various sizes in a
time break-up defined by the following expression [30]:

tb ¼ 5.0db

ffiffiffiffiffiffi
qL

qA

r
1

UA

ð6Þ

where db is the droplet size before the break-up process
and UA is the velocity of the atomizing airflow.

Under these conditions, the mean initial droplet size
d0 in the spray is controlled mainly by the ratio of the
energy required for atomization, EL, to the kinetic en-
ergy of the atomizing air, EA. EL is equal to the product
of the liquid surface tension r and the change in surface
area (after and before atomization), i.e.

EL ¼ r
6 _mL

qLd0

� 2 _mL

qLtL

� �
ð7Þ

and EA is given by

EA ¼ _mAU 2
A=2 ð8Þ

Equating the above energies, introducing a coefficient C
to represent the efficiency of the atomization process and
rearranging give the following expression for the mean
initial droplet diameter:

d0 ¼
3

1

tL
þ CqLU

2
A

4r
AFR

ð9Þ

where AFR denotes the air-to-fuel mass rate ratio,
_mA= _mL. However, the assumption embodied by the term
AFR in Eq. (9) that all of the air is equally effective in
atomizing the liquid is not true in practice, where the
addition of more atomizing air is less effective in reduc-
ing droplet size. To remedy to this problem, the AFR
term in the semi-empirical expression for d0 is replaced
with the parameter (1 + 1/AFR)�1. This substitution al-
lows the influence of AFR on mean initial droplet size to
diminish with an increase in AFR. By replacing d0 with
SMD0, Eq. (9) becomes:

SMD0 ¼
3

1

tL
þ C0qLU

2
A

4rð1þ 1=AFRÞ

ð10Þ

Since experimental results confirm that initial liquid
sheet thickness has only a minor influence on the drop-
let sizes produced in the spray [31], Eq. (10) indicates
that, in this configuration and maintaining other param-
eters fixed, SMD0 depends only on the velocity of the
atomizing air. This is, in fact, precisely the result found
in a full-scale aircraft airblast atomizer at subatmo-
spheric conditions [32]; more specifically, that the
kinetic energy of the air stream is the governing factor
in the fuel atomization due to its effect on Weber num-
ber (We), which is the ratio of the disruptive aerody-
namic forces to the surface tension cohesive forces.
Thus, an increase in air preheat temperature raises the
airflow velocity and hence reduces the SMD0. Further-
more the temperature rise probably increases the initial
fuel temperature at the prefilming lip. The surface ten-
sion of kerosene is reduced with increasing liquid
temperature [33]. As the initial fuel temperature is
unknown in this investigation, the change in surface ten-
sion is not taken into consideration. However, if it can
be assumed that the difference of the air preheat is only
felt by the fuel when in direct contact with the air and



Fig. 11. Distribution of liquid volume flux (cm3/cm2 s) at air preheat temperature of 200 �C and 400 �C.
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not only by a temperature difference of the injector
itself, the heat-up is bound to be small, because the pre-
filming length is short (Fig. 1).

In addition, the influence of air velocity on mean
droplet size may be manifested not solely through its
effect on air momentum, but also through its effect on
the break-up time. Thus from Eq. (6) and assuming
the liquid density and the air mass flow rate are con-
stant, one sees that tb is inversely proportional to the
square root of the atomizing airflow velocity, i.e.
tb / 1=

ffiffiffiffiffiffiffi
UA

p
. Hence, with increase air velocity, the liga-

ment sheets disintegrate earlier, resulting in shorter
break-up lengths and smaller droplets.

On the other hand, it is evident that air preheat tem-
perature affects the evaporation process of droplets
assuming to be described by the so-called d2

0-law:

d2ðtÞ ¼ d2
0 � Kt ð11Þ

where K is known as the evaporation constant which in-
creases markedly with an increase in surrounding tem-
perature. Thus, the intense evaporation with higher
preheated air temperature causes smaller droplets to dis-
appear faster and gives rise to large droplets. Unfortu-
nately, this influence did not appear to affect the
droplet size in this study because it is dominated by
the opposite effect (reduction in initial droplet size) cre-
ated by the increase of the incoming airflow velocity.

It is found from Figs. 10 and 11 that both the axial
penetration and radial dispersion decrease with an in-
crease in inlet air temperature. This is because of the
higher drag force per unit mass for droplets having
lower SMD-value. Hence the fuel droplets with smaller
SMD tend to regroup, vaporize locally and form an
effective vapour mixture within the shear layer, thus
the combustion is more concentrated inside a smaller.
It then leads to higher temperature, correspondingly a
higher level of NOx emissions.
4. Conclusion

The phase-Doppler anemometry technique was used
in this investigation and provided useful information
on the characteristics of a kerosene spray flame from
an airblast atomizer, which has not been studied in
detail before, and which is typical for gas turbine appli-
cations. The measured flux distributions were repre-
sentative of a hollow cone spray and close to the
distributions of droplet number density.

The velocity measurements were conditionally pro-
cessed in order to separate the data obtained from large
particles (representing the liquid phase) and very small
particles (representing the motion of the gas phase).
They have put in evidence the existence of a central
and a corner recirculation zones. The droplets were con-
centrated in the shear layer with highest turbulence
activity. Additionally, the results reveal that the gas tur-
bulent kinetic energy is at each location higher than the
droplet one, and a small amount of liquid fuel character-
ized by a few smaller droplets has been found in the cen-
tre of the combustion chamber. These observations,
which have undesirable implications in the context of
the flame stabilization and the combustion efficiency,
stem from the size dependent ability of droplets to fol-
low the airflow, avoid the high centrifuging due to swirl,
and to be affected by the turbulent characteristics of the
gas flow. Hence, the mixing field of air with spray flame
differs from that of gaseous fuel flame at identical oper-
ating conditions and an optimum droplet size for this
burner configuration may be around 20–30 lm.
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The measured decrease in droplet size with the in-
crease of the air preheat temperature while keeping the
fuel and air mass rates constant is caused by the increase
in the atomizing airflow velocity which forms smaller
initial droplets, follow by the increase of the evaporation
rate.

Finally the results obtained can help in understanding
the complex mixing process between fuel and air which
takes place in industrial burners. They also provide use-
ful information, which may be applied in the optimisa-
tion of the design of burners and their operating
conditions, aiming to improve combustion efficiency
and control exhaust gases.
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keldispersion in Drallströmungen, DLR Forschungsbericht 20
(1994).

[24] H.J. Tennekes, L. Lumley, A First Course in Turbulence, MIT
Press, Cambridge, MA, 1972.

[25] K. Merkle, H. Haessler, H. Büchner, N. Zarzalis, Effect of
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