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Measurement of the droplet size distribution of a full cone nozzle
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Abstract
The drop size distribution and the spray-angle of full cone nozzles are measured at different atomization pressures
and volume flow rates. The measurements of the drop size distributions were performed with two different meth-
ods: low-exposure-photography and laser diffraction analysis. The results of both measurements are compared and
the LDA method was chosen for further experiments.
The spray-angle of the full cone nozzles is calculated by the evaluation of images recorded with a CCD-camera.
The nozzles characterized here are geometrically similar models in the scale 1:8, 1:10 and 1:12. The original
nozzle used as the main sprayer in an industrial dust scrubber has an orifice diameter of 96 mm. In addition to the
three nozzles, similar to the industrial nozzle, a forth nozzle with a rounded transition from the spin chamber to the
orifice duct is examined. For all nozzles the spray-pattern is characterized by means of a patternator. The volume
distribution (Q3(d)) of the drops is calculated for all nozzles and the dimensionless diameter of the droplet is plot-
ted versus the Weber-number to compare the main droplet sizes and to extrapolate them to larger Weber-numbers
as obtained at the original nozzle. For the spray cone angle its dependency is plotted here versus the pressure based
Reynolds-number to make it comparable for different scaled nozzles.

Introduction
The measurement of the drop size distribution of full cone nozzles is difficult, because of the high spray-

density and the large radial expansion. Nevertheless, the knowledge of the drop size is very important for nozzle
design and optimization of gas scrubber systems and other wet cleaning or quenching devices. It is evident, the
gas cleaning efficiency of scrubbers depends on the droplet size distribution [5]. Therefore, an optimization of the
drop sizes may improve the efficiency of the srcubber [5]. Although full cone nozzles are often used in industrial
processes, many details about these "turbulence nozzles" are not yet fully understood. Especially the prediction or
the measurement of drop sizes for these nozzles are rare [4], see also Ullmann [3].
The geometrical design of solid-cone nozzles has two important characteristics, which all nozzles of this type
share. The first feature is a swirl-insert or a chamber with tangential oriented inlets leading to a cyclone-like liquid
flow. The vector field of the flow emerging from the orifices leads to a divergent streamlines. Besides the spin
generated upstream also trumpet openings help to deflect the flow into radial direction by the Coanda effect [9].
The second is a centered liquid port, leading to the removal of the air core otherwise forming [4]. The central axial
flow also can be achieved by special inserts. Dahl and Muschelknauz [1] propose an equation for the prediction of
the Sauter mean diameter (SMD) in the turbulent regime, but only for hollow cone nozzles based on the relationship
of Troesch [10].

d32
Dn

= 5900 · (We)
12
13 · (Oh)

2
13 (1)

Glaser [11] gives an equation to predict the SMD of a turbulent full conical tube-nozzles with sharp edges on the
inner side of the oultet:
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Both equations depend on the Weber- and the Ohnesorge- number. The Weber number is defined as the fluids
inertia in comparison to its surface tension:

We =
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σ
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The Weber number at a given geometry to a large extend determines the drop size. The Ohnesorge-number relates
the viscous forces to the inertial and surface tension forces of a fluid, which can be seen in equation 4:

Oh =
µ√

Dn · ρ · σ
(4)

The effect of the Ohnesorge number for small viscosities is regarded to be small. The Reynolds number

Re =

√
We

Oh
(5)

determines the flow pattern and structure within the nozzle at a given geometry. Thus the Reynold number also de-
termines the detachment behaviour at Coanda openings. Higher Reynolds-numbers leading to earlier detachment
and to smaller spray angles. Smaller solid-cone nozzles used for spraying fuel for combustion tend to produce a
bimodal spray with larger droplets at the center and smaller at the periphery of the spray [6]. Walzel gives a general
overview to the topic of spraying and atomization of liquids [2]. Nevertheless, there is not much literature about
the drop size distribution and characterization of full cone nozzles available.

Materials and Methods
The models of an industrial full cone nozzle in the reduction scale of 1:8, 1:10 and 1:12 are analyzed, see

figure 2. The original nozzle can not be analyzed because the demand for water too high for laboratory scale (about
600 m3/h at 4.5 bar). The schematic drawing of a model (1:10) is shown in figure 1. The nozzles consist of two
parts: the nozzle body and the injection cover plate. The body contains the swirl chamber and the orifice, which
ends in a trumpet-like Coanda-outlet [9]. The cylindrical opening of the orifice has a diameter of Dn = 9.8 mm
for this model. The ratio of the trumpet radius to the orifice diameter uniformly was Ro/Dn = 0.45. The ratio of
the spin chamber diameter to the orifice diameter was Dc/Dn = 1.96. The cylindrical spin chamber has a height
to orifice diameter ratio of Hc/Dn = 1.77. The entry from the spin chamber into the orifice is sharp edged with
the exception of one 1:10 scaled nozzle with a rounded inlet, see figure 3. The cover plate contains five identical
spherical openings arranged at a radius of Rt/Dn = 0.87 around the center. Within the holes short tubular inserts
protrude upstream by a length of lt/Dn = 0.87 while the inner side of the cover is planar. The internal diameter
of the tubes is dt/Dn = 0.56. The tubes are aligned by an angle of 60° to the vertical direction in order to cause
a circular movement within the chamber. The central drilling has an opening of dc/Dn = 0.49 and is arranged
orthogonal to the plate. This bore is to prevent the air-core within the chamber.
Two different measuring systems are used in order to determine the drop size distribution of a high dense full-
conical spray. The first method is low-exposure-imaging using backlighting technique to acquire images of high
contrast, which later on are analyzed with an image processing software. The second measuring system is the laser
diffraction analyzer (LDA, Malvern Spraytec). With the aim to determine the drop size distribution of the original
industrial nozzle, particular and mean drop sizes (d10, d50, d90) are plotted in a diagram of drop size versus the
Weber-number, which allows an extrapolation toward Weber-number-conditions found in the large scale nozzle.
For this purpose, the model nozzles were operated at different atomization pressures (0.2 - 8.7 bar) and volume
flow rates (0.5 - 7.5 m3/h).
The spray of the nozzle is very dense and therefore it is not possible to measure single droplets with a CCD-camera
or the LDA directly. To solve this problem, a device with a small slit (25 mm) was positioned below the spray
cone, allowing for a measurement of a single segment of the spray cone, as shown in figure 4. The spray curtain
as formed below the slit is photographed in segments, covering a window of 84 x 84 mm2, starting from the
middle and ending at the periphery of the spray. A symmetrical pattern of the spray is assumed and was confirmed
by patternator measurements. The same method was applied for the LDA. The spray and the local drop size
distribution respectively was taken at nine positions in an area of 10 x 10 mm2. The distance between the nozzle
and the laser beam and the center of the CCD-camera frames was 1070 mm below the center of the nozzle.
For weighing the drop data at different positions of the spray, a patternator was used, to record the local volumetric
flow density at each of the measured positions. For the evaluation of the data obtained from CCD-camera pictures,
a patternator with collecting tubes at six positions was used. A patternator with nine collector tubes was used for
the LDA measurements. The spray was collected and the mass of the collected water was weighed after a suitable
time period. By that method the volume fraction at every position and for every pressure was determined.
A minimum of 100 single measurements of the distribution data were taken with the LDA at each position and
for every pressure setting. The measurements were processed to obtain density-distribution (q3(d)) at each of the
nine points. In the next step, the flux data was weighed in each drop fraction with the values from the patternator
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readings as described before. This is done by weighing the drop data with the ring-areas corresponding to each
tube position of the patternator, in order to get the overall q3-distribution (overall production rate of droplets in
each fraction) for the whole nozzle at each pressure (figure 8).
For the short time-exposure-photography, the back-light method was used. An array of about 1800 super bright
LED’s forms a homogeneous light source, illuminating the droplets for a period of 10 µs. The camera acquires
pictures with a sampling frequency of 60 Hz. These pictures are processed to Q3(d)- and q3(d)-plots with the
image editing software "ImageJ" and a self-written macro-tool.
For the measurement of the spray angle, a CCD-video-camera was used. The videos produced by this camera
were converted into single pictures and later on examined with the software "ImageJ" to obtain the spray angle.
In the first step, the colored pictures were converted into 16-bit gray scale images. In the following, the images
were inverted and then the angle is calculated (see figure 7). For each of the six different pressures 50 images
are analyzed and the mean angle is calculated. In order to predict the angle of the large scale nozzle (scale 1:1),
the angle is plotted versus the pressure-Reynolds-number allowing an extrapolation of the angle to the operating
conditions of the bigger scaled nozzle (figure 7). The pressure based Reynolds-number is strongly connected to
the Reynolds number by the dynamic pressure:

p =
ρ

2
· v2 (6)

Rep is defined as follows:
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Results and Discussion
The results for the local flow density as obtained from the patternator measurements for two nozzles are shown

in figure 5. The position "center" is located directly below the nozzle orifice, while the other radial positions are
indicated in the plot. The distance between each of the positions is 80 mm. Nine positions with a maximum
distance of 640 mm were measured. In Figure 5, the results of the patternator measurements for two different
nozzles (1:10 and 1:8) and for the same operating conditions (2,0 bar primary pressure at the nozzle) are shown. It
can be seen, that the volume fraction for each position is nearly the same for both nozzles, while the smaller nozzle
(1:10) has a smaller volume fraction at the center position but a higher value at postion 320 mm. The smaller
nozzle has a rising tendency from the center to position 320 mm. For both nozzles the flow density decreases
from position 320 mm to the outer border of the spray. All in all, the two examined nozzles show a nearly similar
spray behavior. The distance of the nozzle to the collecting tubes of the patternator was kept constant despite of
the different nozzle sizes and small deviations as in figure 5 may be caused by this circumstance. The patternator
measurements taken for the CCD camera case (six positions) show the same results but were only made for the
nozzle of the scale 1:10. In comparison to the results of the patternator measurements for the LDA, the pattern of
the spray is practically identical (not shown).
The results of the first measurements with the CCD-camera and the LDA are shown in figure 6, the nozzle of the
scale 1:10 was used here. The atomization pressure for this measurement was 8.5 bar and the corresponding vol-
ume flow rate was 7.5 m3/h. The differences in the results between the two measurement methods are significant.
The d50 as obtained from the pictures of the CCD-camera gives about 650 µm, while the measurement with the
LDA indicates a d50 of 250 µm. The difference for smaller particles is even more significant. The droplet diameter
d10 obtained using LDA is about 100 µm, while the photo evaluations indicate a d10-value of 360 µm. This dif-
ference can be easily explained. The camera has the resolution of 1.0 Mpixel and a field of view of 84 x 84 mm2.
Therefore, the smallest particle size detectable using the camera is 84 µm. The resolution of the Q3-distribution
plot is too low for the smaller particles. For the bigger particles (> 1200 µm), the plot is nearly equal to the
measurements as obtained from the LDA readings. The measurements of the LDA are reliable as the device was
calibrated with droplets of a known size-distribution. Because of this, the measurements with the CCD camera are
not sufficient and will not be taken into account for further measurements of the other nozzles.
The spray angle shows a decreasing behaviour for increasing pressure-Reynolds-numbers (Rep). The angle starts
with a value of about 120° at Rep of 165.000 and falls to a value of 86° for a Rep 410.000. The spray-angle of the
1:8 scaled nozzle is always bigger than the spray angle of the 1:10 scaled nozzle as can be seen in figure 7. At the
present time, no explanation can be given for the difference in the spray-angle between the two nozzles. However
small deviations in the geometry can not be excluded.
It is shown, that the spray of the full cone nozzle has bimodal Q3-distributions. Figure 8 shows this results for
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the 1:8 scaled nozzle. The 1:10 nozzle gives similar distributions. For rising pressures, the bigger particle branch
becomes less, which can be located in the second peak of the Q3-distribution at about 1300 µm and more fine
particles in the first peak of the Q3-distribution (200-300 µm). For pressures above 2.0 bar, the changes in the
Q3-distribution are only small. The results for the other characterized nozzle show comparable performance.
In order to compare the two geometrically similar, but different scaled nozzles, the non-dimensional plot in Figure
9 is shown. The non-dimensional particle size (d/Dn) versus the Weber-number (We) exhibits practically identi-
cal functions. That means both nozzles characterized here behave nearly similar. The d10, d50 and d90 all fall with
increasing We-numbers. The dimensionless droplet-size for both nozzles is nearly the same at given We-numbers.
This characteristic has to be proofed by the analysis of the third nozzle of the scale 1:12 as well. The plot gives the
opportunity to extrapolate the mean droplet sizes to higher Weber-numbers occurring at the original nozzle.
So far only two of the four nozzles described before are characterized. The other two (scale 1:12 and 1:10 with
rounded edges) will be characterized within the next months.
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Nomenclature

d Diameter of the droplet [µm]
d10 = Q3(0.1) [µm]
d32 Sauter mean diameter (SMD) [µm]
d50 = Q3(0.5) [µm]
d90 = Q3(0.9) [µm]
dc Internal diameter of the central drilling in the cover plate of the nozzle [mm]
dt Internal diameter of the tubes in the cover plate of the nozzle [mm]
g gravitational acceleration [m/s2]
lt Length of the tubes in the cover plate of the nozzle [mm]
∆p∗ = ∆p ·D/σ, nozzle pressure number [−]
∆p = pressure difference [Pa]
q3(d) density allocation of the droplet diameter [1/m]
v velocity [m/s]
Dc Diameter of the swirl chamber [mm]
Dn Diameter of the nozzle outlet [mm]
Hc Height of the swirl chamber [mm]
L characteristical length [m]
Oh Ohnesorge-number [−]
Q3(d) cumulative distribution of the droplet diameter [−]
Ro Radius of the trumpet-like outlet [mm]
Rt Radius of the tubes in the cover plate of the nozzle [mm]
We Weber-number [−]
µ dynamic viscosity [kg/m/s]
ν kinematic viscosity [m2/s]
ρ density [kg/m3]
σ surface tension [kg/s2]
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Figure 1. schematic assembly of the model of the nozzle (1:10)

Figure 2. full cone nozzles in the scale 1:12, 1:10 and 1:8
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Figure 3. nozzle 1:10 and 1:10 with rounded edge of the outlet

Figure 4. Measurement setup [8]
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Figure 5. Results of the patternator measurements

Figure 6. Comparison of the Q3-distribution with the LDA and the CCD-camera [7]
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Figure 7. Measurement of the cone angle of the nozzle [8] and results of the measurements

Figure 8. Q3-distribution for the 1:8 scaled nozzle at different atomization pressures
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Figure 9. dimensionless droplet-size vs. Weber-number
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