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a b s t r a c t
Because of thermal ﬂuid-property dependence, atomization stability (or ﬂow regime) can change even at
ﬁxed operating conditions when subject to temperature change. Particularly at low temperatures, fuel’s
high viscosity can prevent a pressure-swirl (or simplex) atomizer from sustaining a centrifugal-driven air
core within the fuel injector. During disruption of the air core inside an injector, spray characteristics outside the nozzle reﬂect a highly unstable, nonlinear mode where air core length, Sauter mean diameter
(SMD), cone angle, and discharge coefﬁcient variability. To better understand injector performance, these
characteristics of the pressure-swirl atomizer were experimentally investigated and data were correlated
to Reynolds numbers (Re). Using a transparent acrylic nozzle, the air core length, SMD, cone angle, and
discharge coefﬁcient are observed as a function of Re. The critical Reynolds numbers that distinguish
the transition from unstable mode to transitional mode and eventually to a stable mode are reported.
The working ﬂuids are diesel and a kerosene-based fuel, referred to as bunker-A.
Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
Pressure-swirl (or simplex) atomizers are used in many agricultural, chemical, industrial, and commercial applications, such as
insecticide application, spray drying [1], cooling [2,3], painting, fuel
injected engines [4–7], aircraft turbine engines [8–10], sprinklers,
and ﬁre suppression systems. Particularly, pressure-swirl injectors
are widely used in aircraft internal combustion engines because of
their inherent simplicity, high atomization performance, and reliable combustion stability [10]. As evident in its name, a pressure-swirl injector is characterized by the helical rotation of fuel
through the injector nozzle.
In a swirl atomizer, fuel is supplied to the nozzle chamber along
a tangential entry port that, under sufﬁcient centrifugal force,
yields a strong vortex (or swirl motion), which sustains an air core
inside the chamber; see Fig. 1a. The stability of this air core
(i.e., constant shape and height) is one of the most important performance metrics of swirl atomizers. Designs are often based on a
classical air column stability analysis is found [11,12], who identify
the most unstable wavelength (k) at the free surface of a rotating
air column as 6.48 times the column diameter.
Along with a stable air core, ﬁlm thickness and spray cone angle
are also important parameters that determine the performance of a
simplex atomizer. A thinner fuel ﬁlm (or sheet) results from a
* Corresponding author. Tel.: +82 2 3290 3356; fax: +82 2 926 9290.
E-mail address: kimhy@korea.ac.kr (H.Y. Kim).
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stronger vortex and yields smaller atomized drops, which provide
favorable conditions for quicker evaporation, better ignition,
broader stability ranges, increased combustion efﬁciency, and reduced emissions of unburned hydrocarbons. The cone angle is also
important because it affects atomizer dispersion behavior. For
example, with increasing cone angles, there is increased fuel coverage area (more dispersion). More dispersion tends to lower fuel
concentrations leading to lower emissions and less soot formation
under lean combustion. If the cone angle, deﬁned as ‘‘the angle
formed by two straight lines drawn from the discharge oriﬁce
[10],” is small, spray characteristics approach those of a solid-cone
spray, rather than the hollow-cone typical of a simplex atomizer.
For narrow cone angles, the spray is dense and its penetration into
the combustion chamber increases, which improves ignition and
combustion stability at the expense of greater emissions for fuelrich burning.
Basic simplex atomizer features (i.e., air core size, ﬁlm thickness,
cone angle, and discharge coefﬁcient) are described in the pioneering analytical work of Taylor [13] and in later work by Taylor [14],
Binnie and Harris [15], Giffen and Muraszew [16], Dombrowski and
Hooper [17], Dombrowski and Johns [18,19], Dombrowski and
Hasson [20], Clark and Dombrowski [21], Rizk and Lefebvre [22],
Suyari and Lefebvre [23], and Yule and Chinn [24].
The effect of ﬂuid physical properties (surface tension and viscosity) on atomizer performance is described by Dorfner et al.
[25] and Stelter et al. [26]. Dorfner et al. concluded that the mean
drop size increases as surface tension or viscosity increases. Lower
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(a)

(b)
Fig. 1. (a) Schematic of a typical pressure-swirl atomizer. (b) The internal geometry of the pressure-swirl atomizer used in this study. All dimensions are in millimeters.

surface tension or viscosity results in narrower size distributions,
tending toward monodisperse sprays. Stelter et al. [26] also evaluated the performance of a viscoelastic swirl spray, commonly used
in agricultural and coating industries to avoid small drops that degrade atomizer performance because of drift effects caused by
aerodynamic drag.
Predictions of initial conditions (i.e., drop size and velocity distributions) for a swirl spray are given by Cousin et al. [27], Boyaval
and Dumouchel [28], Kim et al. [29], and Mondal et al. [30]. They
all used the principle of maximum entropy to predict the mean
drop size and distribution.
Fuel temperature is another important parameter that affects
swirl-spray performance. During combustion, if fuel temperature
is high (due to convective and radiative heat transfer from the
compressor or the combustor during supersonic ﬂight), improved
atomization performance is observed because of increased speciﬁc
energy and caloriﬁc value of the fuel, which in turn expedite evaporation. On the other hand, signiﬁcant safety issues are associated
with high-temperature fuel; see Refs. [31–36].
Conversely, the consequences of low fuel temperature are also
rather dire. During high-altitude ﬂight (i.e., cold environments),
fuel temperature can drop as low as 230 K [35]. In such an environment, fuel is, at best, highly viscous, resulting in air core degrada-

tion. With weak swirl (either due to the high fuel viscosity or low
injection pressure), an air core degrades or disappears. This begins
as a transitional process where the jet pulsates and becomes unstable, resulting in poor atomization and combustion instability.
Clearly, understanding the air core’s behavior is important because
it characterizes the stability of a swirl spray. In this work, we distinguish and report on three major regimes: First, ‘‘the unstable regime,” where no air core is present inside a swirl chamber due to
weak centrifugal force (signiﬁcant pulsation of the external spray
is observed); second, ‘‘the transitional regime,” where an unstable
air core is observed (spray outside the nozzle continues to ﬂuctuate); and third, ‘‘the stable regime,” where strong swirl ensures stability of the air core inside and produces high-quality atomization
outside.
Though relevant work regarding air cores is presented by Som
and Mukherjee [37], Datta and Som [38], Yule & Chinn [39], Dash
et al. [40], Halder et al. [41], and Park et al. [42], our data are
unique in that the regimes are distinctively categorized by the Reynolds number, which was changed by varying both the temperature (hence the kinematic viscosity) and pressure (hence ﬂuid
velocity) of diesel and a kerosene-based fuel, bunker-A. Note that
the range of the operation conditions is 300–900 kPa and 283–
363 K for pressure and fuel temperature, respectively. Also note
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Fig. 2. Schematic of the experimental setup.

that the Reynolds number is deﬁned as Re = u2d2/m, where u2 and d2
are the velocity and inner diameter of the nozzle exit; d2 = 1.0 mm;
and m is the kinematic viscosity p
ofﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
the fuel. u2 is calculated using
Bernoulli’s equation; i.e., u2 ¼ 2ðP1  P2 Þ=ql , where P1 is the
injection pressure at the inlet/port indicated in Fig. 2 and ql is
the liquid density. The critical Reynolds numbers, which distinguish the aforementioned three regimes, are also reported. Next,
an air core in the transitional regime is characterized and quantiﬁed. Finally, overall spray performances (i.e., SMD, cone angle,
and discharge coefﬁcient) are reported.
2. Experimental setup
2.1. Pressure-swirl atomizer
Fig. 1b is the schematic for the internal geometry of the pressure-swirl atomizer used in this experiment. The container of fuel
(hc = 15-mm height) was pressurized to force fuel through a tangential port into the swirl chamber (dc = 15-mm diameter). There
is only one tangential entry port in this atomizer, thus, the swirling
strength is less than a similar multi-port swirl atomizer [22]. As the
swirl develops inside the injector chamber, the fuel travels toward
the nozzle in a helical pattern, undergoing a laminarization process
through a converging nozzle, which provides a favorable pressure
gradient. The converging angle within the swirl chamber is approximately 36°, and it is followed by a lo = 6-mm-long, d2 = 1-mmdiameter exit oriﬁce length. A wall boundary layer develops, but
the longer the nozzle oriﬁce, the more likely it is that the ﬂow is
turbulent because of the unstable rollup motion of a thicker
boundary layer [43]. An air core (a void column formed by the
swirl’s centrifugal force) is sustained at the center of the atomizer
when it is working optimally.
2.2. Experimental apparatus
Fig. 2 is the schematic of the experimental apparatus. Fuel pressurized by nitrogen was driven through the submerged-bath heat

exchanger to control its temperature before entering the atomizer.
A pressure transducer and thermocouples were installed in the fuel
supply pipe, located between the heat exchanger and the atomizer
to measure the injection (or operating) pressure and the fuel temperature; uncertainties are within 1% for both pressure and temperature measurement according to the manufacturer’s manual.
The volumetric (or mass) ﬂow rate was measured using a gear displacement ﬂowmeter with accuracy better than 1%.
Three modules comprise the Malvern particle sizer: a transmitter, a receiver, and a computer. The transmitter included a 5-mW
He–Ne laser emitted as an optical beam column, a 9-mm beam expander, and a 300-mm lens. The receiver contains a lens, detector,
associated electronics, and computer interfaces. The Malvern measured the Sauter mean diameter (SMD) using Fraunhofer diffraction of a parallel beam of monochromatic light passing through
the moving droplets. The dependence of the Malvern particle sizer
on refractive indices is negligible for the particle size greater than
5 lm and the smallest SMD of our data is about 50 lm. This suggests that different fuel opacity (different refractive indices) does
not signiﬁcantly impact measurement accuracy for the ﬂow regime
we have explored. The diffraction patterns produced by the laser
beam passing through the atomized droplets at various downstream locations were recorded and a Rosin–Rammler distribution
was ﬁt to the data. The SMD of the atomized droplets ranged from
50 to 200 lm with errors less than 5% according to previous experience [42]. The detector monitored the average value of the light
scattering characteristics whose values were based on statistically
reliable data sets (i.e., several million droplets).
The spray cone angle was measured 3 cm downstream from the
atomizer tip using images captured with a CCD camera located
about 1.2 m from the nozzle. The camera speed ranged from 500
to 10,000 fps. Front lighting was used with 1-kW illumination
and the light was projected at a slightly oblique angle of 15°. The
images obtained from the camera were transferred to a data-processing computer and used to measure the spray cone angle. A
stroboscope illuminated the spray’s dispersal pattern. The volume
distribution of the atomizer was measured by a 1D patternator,
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Fig. 3. Variation of the liquid properties (surface tension (N/m) and dynamic
viscosity (kg/m-s)) with temperature for diesel and bunker-A.

consisting of 30 collecting bins connected to a reﬁlling container
that recycled collected fuel through the closed-loop fuel tank
system.
2.3. Fuel properties
The fuels used in this study are diesel and a dark-colored, kerosene-based aviation fuel, bunker-A. Variations of the fuel viscosity
and surface tension were experimentally measured and ﬁt using
the least squares technique. Viscosity and density were measured
using a digital viscometer (DV-2 + PRO, BROOKFIELD, USA), whose
accuracy lies within 1% of full scale range. Surface tension was
measured using a surface tensiometer (CBVP-A3, FACE, Japan),
whose accuracy lies within 0.2 dyne/cm. The regression ﬁts to
these data are shown in Fig. 3, and the least squares approximations are:




T
þ 0:0036;
24:87


T
þ 0:0062;
lBunker-A ¼ 6:93  106 exp 
14:61


T
þ 0:044;
rdiesel ¼ 0:0038 exp 
199:17


T
þ 0:036;
rBunker-A ¼ 5:05  104 exp 
109:40

ldiesel ¼ 409:81 exp 

tuated visually. The air core is not present in this unstable regime
due to weak swirl, which also means that atomized fuel does not
acquire strong radial velocity and a relatively small cone angle results. The hollow-cone pattern typical of a swirl atomizer more closely resembles a solid-cone spray. In this unstable regime,
turbulence likely interrupts the helical ﬂow in the swirl chamber.
The transitional regime appears upon increasing the pressure to
0.5 MPa; the air core starts to form. The swirl strength is still low
in this regime and thus, the shape and height of the air core are
unstable. The measured pressure and ﬂow rate are also notably
unstable in this transitional regime. With sufﬁcient swirl at high
pressure (e.g., 0.9 MPa), the air core ﬁlls the entire length of the
chamber; the external spray is stable and its atomization quality
is optimal.
Fig. 5 (left column) shows snapshots of the atomizing spray
at various injection pressures; illustrating the three regimes.
Bunker-A is dark and non-transparent and the presence of the air
core could not be visually veriﬁed. Fig. 5 (right column) shows
the time variations of injection pressure and volumetric ﬂow rate
at the nozzle exit.
Fig. 6 shows the measured air core length, varying due to injection pressure and fuel temperature changes for diesel. Regions A,
B–D, and E represent the unstable, transitional, and stable regimes,
respectively. In Region B, beginning at Re  2550, the air core ﬂuctuates wildly, ranging in normalized length (air core length, la divided by the chamber length, lc) from 0.10 to 0.35. In Region C,
the air core is still in the transitional stage, but its normalized
length is relatively stable at 0.38. Minor ﬂuctuations are still observed in Region D between 0.38 and 0.42. Once past Region D, a
sudden jump takes place to Region E, where the normalized air
core length goes from la/lc = 0.42 to unity and complete stability.
This critical change occurs at the Re  3450 for diesel. It is noteworthy that the air core length is comparable to the oriﬁce length
lo/lc = 0.353 at the critical Reynolds number. In the oriﬁce (contracted/laminarized region), the air core ﬂuctuates because swirl
motion is weaker under tangential speeds, given the small oriﬁce
radius (d2/2). In the upper portion of the chamber, tangential speed
is higher because of the larger chamber diameter (dc) and this facilitates a more stable swirl motion of the air core. The air core length
for bunker-A could not be measured because of fuel opacity.

ð1Þ

where l and r represent dynamic viscosity and surface tension,
respectively, for diesel and bunker-A. For bunker-A, there is a rapid
increase in viscosity in the low-temperature region eventually
resulting in poor (or no) performance from the simplex atomizer.
The surface tension of the fuel also increases at low temperatures,
even though its rate of change less than viscosity’s.
3. Results and discussion
3.1. Air core
Fig. 4 (left column) shows snapshots of the atomizing diesel
spray at various injection pressures. Fig. 4 (right column) shows
the time variation of injection pressure and the volumetric ﬂow
rate at the nozzle exit. It should be noted that the nominal pressure
P1 is measured at the nozzle inlet port. The swirl chamber, made of
a transparent acryl-based material, is shown, but the air core is difﬁcult to distinguish in these snapshots. At relatively low pressure
(e.g., 0.3 MPa), the data (recorded at a rate of 879/s) indicate that
ﬂow rate ﬂuctuation is moderate; however, the external spray ﬂuc-

3.2. Sauter mean diameter
The SMD of diesel, recorded at center and off-center locations
(i.e., R = 0, 1, and 2 cm), are shown in Fig. 7; the axial location distance was at 9 cm below the nozzle exit. SMD decreases with
increasing Re for both diesel and bunker-A. Relatively larger droplets are observed at increasing radial distances because larger
droplets tend to travel farther due to their greater momentum. A
gradation of particle sizes in the radial direction is seen due to different dynamic behavior of small and large particles. Large particles are dispersed by the spray initial cone angle and subsequent
interactions with turbulent eddies in the entrained air, while smaller particles are generally increasingly swept toward the spray centerline by aerodynamic drag interactions with the entrained air
[44].
It was previously mentioned that Dorfner et al. [25] found that
SMD increased with increasing viscosity and surface tension. Contrarily, we found that the SMD for bunker-A is slightly smaller than
that for diesel despite viscosity and surface tension of bunker-A
being greater than those of diesel’s (at the same Re). Because bunker-A viscosity is greater than that of diesel, the corresponding
velocity (at the nozzle exit) should be greater for bunker-A than
for diesel at the same Re. The increased exit velocity for bunkerA is achieved by increasing the operating/injection pressure, DP.
Given that all SMD data shown in Fig. 7 are obtained by varying
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Fig. 4. Diesel: snapshots (left) of the three regimes and their time variation in injection pressure (green curves) and ﬂow rate (red curves) at T = 293 K (right). (a) Unstable
regime at DP = 0.3 MPa, (b) transitional regime at DP = 0.5 MPa, and (c) stable regime at DP = 0.9 MPa. The units for pressure (P1) and volumetric ﬂow rate (Q) are in (MPa) and
[l/s], respectively. The explored range of the operating condition for the diesel case is 300–900 kPa and 283–313 K for pressure and fuel temperature, respectively. See Fig. 8
for the cone angle as a function of Re. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

both the injection pressure and fuel’s temperature (T), SMD is a
function of both DP and T. However, SMD is more strongly affected
by DP than by T. Thus, at the same Re, DP is greater for bunker-A,
which in turn yields a slightly smaller SMD than diesel.
3.3. Cone angle
The cone angle is another important parameter that characterizes the performance of a simplex atomizer. Recall that the cone
angle is a measure of dispersion quality affecting spray penetration, ignition, combustion stability, and emission levels. For Gasoline Direct Injection engines, an optimum cone angle yields a stable
combustion process, imparting maximum engine torque with min-

imum emissions. The cone angle is deﬁned as the angle formed between two straight lines drawn along the spray from the nozzle
exit (see Fig. 1). The cone angle is controlled by the internal geometry and size of the nozzle (i.e., port, chamber, and oriﬁce diameters) and also by aerodynamic inﬂuences (i.e., entrainment and
air density). Previous inviscid theories [14–16] and other empirical
data [22] offer analytic and empirical predictions for cone angle as
a function of these geometric and ﬂuid parameters.
In our experiment, the cone angle is controlled by varying the
injection pressure and fuel temperature, which also vary Re. Because of ﬂuctuations in the cone angle, both maximum and minimum values are recorded; their differences are indicated with
green triangles in Fig. 8. In the stable regime, an increase in Re
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Fig. 5. Bunker-A: snapshots (left) of the three regimes and their time variation in injection pressure (green curves) and ﬂow rate (red curves) at T = 358 K (right). (a) Unstable
regime at DP = 0.3 MPa, (b) transitional regime at DP = 0.5 MPa, and (c) stable regime at DP = 0.9 MPa. The units for pressure (P1) and volumetric ﬂow rate (Q) are in (MPa) and
(l/s), respectively. The explored range of the operating condition for the bunker-A case is 300–900 kPa and 323–363 K for pressure and fuel temperature, respectively. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

yields an increase in cone angle from 45° to 60° and there is little
difference between maximum and minimum cone angles. Differences are signiﬁcant in Regions A and B (the unstable and transitional regimes).
Fig. 9 shows the cone angle variation for bunker-A. At low Re
(around 1500), the cone angle is minimum because there is essentially no swirl. At around Re = 1650, a sudden increase in the cone
angle is observed, but its range ﬂuctuates until stable Region E is
achieved at around Re = 3300. Data are available up to Re = 3450;
further increasing Re for bunker-A was impossible due to pressure-vessel limitations. Although analytical and empirical relations
for the cone angle are available [14,15,20,23], direct comparison is
not possible because their swirl-port design signiﬁcantly differs
from the design used in these experiments.

3.4. Discharge coefﬁcient
The discharge coefﬁcient is deﬁned as the ratio between actual
and theoretical ﬂow rates. It represents the ratio between the
spray’s ﬂow rate with an ideal air core to the actual ﬂow rate:

"

2 #
_ act Q_ act uact
Daircore
m
; where
CD ¼
¼
¼
1
_ th
u2
D2
m
Q_ th
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2ðP1  P2 Þ
u2 ¼
;

q

ð2Þ

Here, the actual exit velocity (uact) is always less than the theoretical exit velocity (u2), obtained using the inviscid Bernoulli
equation because of friction losses. Even for an inviscid ﬂuid, the
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Fig. 8. Spray cone angle vs. Re for diesel.

Fig. 6. (a) Diesel air core length, normalized by the chamber length (17 mm), in the
three regimes as a function of Re. The explored range of the operating condition for
the diesel case is 300–900 kPa and 283–313 K for pressure and fuel temperature,
respectively. (b) Image of an air core and nozzle chamber length at operating
condition for an injection pressure of 0.7 MPa.

Fig. 9. Spray cone angle vs. Re for bunker-A.

Fig. 7. SMD vs. Re at various radial locations for diesel and bunker-A.

Fig. 10. Discharge coefﬁcients as a function of Re for diesel and bunker-A.

air core itself reduces the discharge coefﬁcient, thus only for an
inviscid ﬂow with no air core could the discharge coefﬁcient be
one. Typically, increasing the port velocity (by decreasing the port
area) at a given injection pressure causes the discharge coefﬁcient
to decrease. Upon increasing the port velocity (hence increasing
the exit velocity) [22], a thinner liquid ﬁlm should be formed in
the chamber and the air core should grow. Once in the stable regime, the discharge coefﬁcient becomes insensitive to Re; the cone
angle and ﬂow rate reach maximum values and no further increase

in radial velocity of sprayed droplets is achievable. These expected
responses are demonstrated in Fig. 10. There are steep negative
slopes between 2550 < Re < 3450 and 2400 < Re < 3300 for diesel
and bunker-A, respectively. In a previous study, this steep negative
slope was observed for 2500 < Re < 3500 for kerosene-based fuels
[42]. The negative slope is indicative of the formation of an air core
during the transitional regime while increasing Re. The differences
in Re between the previous and current studies is likely due to a
different surface roughness (different nozzle materials) and different thermo-physical properties of the working ﬂuid.
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As the air core stabilizes, the fuel’s volumetric (or mass) ﬂow
rate reduces as the center of the injector is increasingly occupied
by the air core; hence the reduction in discharge coefﬁcient. The
data ﬁt the following empiricisms in the nonlinear region:

C d ¼ 0:52 þ
¼ 0:45 þ

0:17
0:00;425ð2705ReÞ

1 þ 10

ð3Þ

0:12
0:00296ð2484ReÞ

1 þ 10

: diesel;
: bunker -A:

In the linear region, the discharge coefﬁcients are:

C d ¼ 0:64  4:00  105  Re
5

¼ 0:66  6:21  10

 Re

: diesel;
: bunker-A:

ð4Þ

4. Conclusion
Flow characteristics of a pressure-swirl atomizer were conducted for various fuel temperatures and injection pressures. The
working liquids were diesel and a kerosene-based aircraft fuel,
bunker-A, which is more viscous and has greater surface tension
than diesel. Poorer atomization performance was observed for
bunker-A than for diesel. We characterized how at low injection
pressures or/and fuel temperatures, the atomizer loses its distinctive swirl and exhibits unstable fuel spray patterns. Using an acrylbased, transparent nozzle, the length of the air core (for diesel) was
measured as a function of Re, which was varied by changing the
injection pressure and fuel temperature. The critical Reynolds
numbers, which identify regime changes from unstable to transitional (and eventually to the stable) modes, were also reported.
The regimes were categorized as: (1) the unstable regime, where
no air core was present inside the swirl chamber due insufﬁcient
centrifugal forces (signiﬁcant pulsation of the external spray was
observed); (2) the transitional regime, where an unstable air core
was observed (spray from the nozzle continued to ﬂuctuate); and
(3) the stable regime, where a strong swirl ensured stability of
the air core and produced high-quality atomized spray. For diesel,
the air core ﬁrst appeared at Re  2550, indicating the onset of the
transitional regime where the air core ﬂuctuated wildly, ranging in
normalized length from la/lc = 0.10 to 0.43. The air core for bunkerA could not be visually veriﬁed because of its dark, opaque color.
There are steep negative slopes for the discharge coefﬁcient for
2550 < Re < 3450 and 2400 < Re < 3300 for diesel and bunker-A,
respectively, that delineate the transitional regime. A fully developed air core was observed for diesel when Re > 3450 and spray
cone angle data suggest the same for bunker-A when Re > 3300.
Our studies suggest that for low operating temperatures, pressure-swirl atomizer pressures should be increased to ensure optimum fuel atomization and dispersal.
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