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Abstract: Aerosol is a multiphase system, created as a result of the dispersion of a liquid in a
gaseous medium. The atomized liquids are most often water and fuel; however, they can be any other
substance. Even a small addition of a substance that changes the rheological properties (i.e., the nature
of the flow) can change the properties of the resulting aerosol. The most important parameters
that characterize the aerosol are the outflow rate, the droplet diameter, the spray spectrum, and
the spray angle. The latter is important when selecting atomizers, especially those working in
groups on the sprayer boom. The spray angle is an important parameter of the atomization process,
providing a great deal of information about the quality of the spray. This study presents the results of
rheological tests and the atomization of aqueous solutions with varying concentrations of sodium
carboxymethylcellulose (Na-CMC). We found that the spray angle decreased with increasing Na-CMC
concentration in the solution, which is attributable to an increase in shear viscosity. The design of the
atomizer is also important. The largest spray angles were obtained for an atomizer with a diameter of
0.02 m and with the inlet port being placed at an angle to the atomizer axis. Based on the experimental
results for various liquids and atomizer designs, a correlation equation describing the spray angle
is proposed.

Keywords: atomization; spray angle; construction of atomizer; sodium carboxymethylcellulose;
rheology

1. Introduction

Aerosol is a multiphase system, created as a result of the dispersion of a liquid in a gaseous
medium. The production of aerosols is extremely important in the engineering, pharmaceutical,
and agricultural industries. In order to improve the effectiveness of operation, various types of polymer
additives are introduced into the liquid—for example, herbicides in the case of agriculture [1]. Even a
small addition can change the rheological properties of the liquid, which also affects the spray angle
value, among other things. The addition of a polymer may affect the length of the compact sprayed
liquid stream. In the case of atomizing liquids, the increase in the viscosity of polymer solutions inhibits
the process of breaking the stream and changes the distribution of the diameters of the droplets formed.
The impact of different polymer additions, including sodium carboxymethylcellulose (Na-CMC),
on the atomization process was analyzed by Ochowiak and Broniarz-Press [2]. On the basis of the
obtained experimental results, they observed that the addition of a polymer caused an increase in the
viscosity of the liquid, which in turn resulted in a noticeable change in the length of the compact liquid
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stream and limited the process of breaking the stream. Aqueous solutions of polymers are also used as
substitutes for oils in the processes of hardening carburized elements.

The spray angle is an important performance parameter in pressure-swirl atomizers. It is defined
as the apex angle of the aerosol formed between two straight lines along the jet flowing out of the
atomizer. The compact liquid stream becomes narrower as the distance from the atomizer orifice
increases. The constriction of the jet is mainly due to the action of the surrounding gas, which is set
in motion by the suction action of the liquid jet and the force of gravity. The spray angle can only
be clearly measured in a vacuum. This parameter determines the total coverage of the surface with
the aerosol, the degree of mixing of the atomized liquid with the surrounding gas, and the degree of
dispersion of the liquid stream [3,4]. Knowledge of the spray angle is important in determining the
spray area that can be obtained for the atomizer used, which in turn informs the number of atomizers
and their location [5]. The optimal spray angle allows for a stable combustion process in gasoline
engines with direct injection and, in gas turbines, allows for good ignition performance and helps to
reduce the smoke/flame and pollutant emissions [6-9].

That the available literature reports that the spray angle is influenced by the geometry of the
atomizer, as well as the properties of the liquid and the density of the medium in which it is
atomized [4,5,8,10-14]. The most important geometric parameters include the diameter of the inlet
and the orifice, the diameter of the swirl chamber, the length-to-diameter ratio of the orifice, and the
height-to-diameter ratio of the swirl chamber [5,14]. Modification of the orifice is also important
(e.g., using arcs or slants) [15-19]. The dynamic viscosity of the liquid is of great importance for the
spray angle. This parameter has been analyzed by many scientists [9-11]. On the basis of these studies,
it was demonstrated that the spray angle decreases with increasing dynamic viscosity of the liquid,
as the stream is more difficult to break up and is less aerated.

Lee et al. [4] studied the dependence of the spray angle on the Reynolds number for diesel fuel
and Bunker-A fuel. For diesel fuel, it was observed that under stable operating conditions, an increase
in the Reynolds number above Rey, = 3450 caused an increase in the spray angle from 45° to 60°,
and the differences between the minimum and maximum values were marginal. For the Bunker-A
fuel, at a low Rer, value (around 1500), the spray angle value was minimal, as there was practically no
swirling motion. At a Reynolds number value of about Rey, = 1650, a sudden increase in the spray
angle was observed and its value fluctuated. The spray angle value stabilized only at an Rey, value of
around 3300.

Mun et al. [20] studied the spray angle for aqueous solutions of sodium carboxymethylcellulose,
using an agricultural swirl atomizer. It was observed that the spray angle initially increased with the
increase in the Na-CMC concentration. With a further increase in polymer concentration, the spray
angle decreased until the collapse of the cone and an outflow of a single stream occurred. The spray
angle behavior can be explained by the different values of extensional viscosity for different types of
polymers and their concentrations in aqueous solution. The spray angle for each atomizer slightly
increases as the Reynolds number increases to a certain range of its value, after which it causes an
increase in the mean tangential velocity to a greater degree than for the mean axial velocity. Once a
certain Reynolds number is exceeded for a specific atomizer, the ratio of the mean tangential velocity
to the axial velocity at each cross section remains substantially unchanged as the Reynolds number
increases further. Increasing the tangential area of the atomizer inlet and the kinematic viscosity of the
liquid reduces the spray angle.

Wojtowicz and Kotowski [21] studied conical swirl regulators with different geometries. Regulators
are flow devices with a structure similar to atomizers. In their study, the value of the spray angle was
analyzed. Based on the research results, a correlation equation describing the tangent of the spray half
angle was proposed:
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where K is the geometric constant described by Equation (2), ¢ is the tilt angle of the inlet port, dj is the
diameter of the orifice, d), is the diameter of the inlet, Hs is the height of the swirl chamber, and Dy is
the diameter of the swirl chamber.

2Rp(cos(90° — (p))rﬁ 2Rp(cos(90° — (p))d%

3 3
o dy

2

where R is the radius of the liquid swirl at the inlet, R is the radius of the swirl chamber, and ry is the
radius of the inlet port.

The aim of this study was to determine the effect of the concentration (viscosity) of aqueous
solutions of sodium carboxymethylcellulose and the construction of modified swirl atomizers on the
spray angle value. The impact of dimensions of the swirl chamber (diameter and height) and the
position of the inlet port on the jet breakup of the model polymer solution was analyzed.

2. Materials and Methods

The most important elements of the experimental setup for atomizing liquids were: pressure-swirl
atomizers of various designs, Krohne Messtechnik VA 40 liquid rotameters with measuring ranges of
0.5-5, 4-40, 25-250, and 100-1000 dm3/h, an organic glass tank filled with liquid and equipped with a
CHI 2-30 pump by Grunfos Poland, a coil, a Center 309 digital thermometer by Center, a Canon EOS-1D
Mark III camera with a strobe lamp, and a computer. A simplified diagram of the experimental setup
is shown in Figure 1. Due to the lack of adaptation of the rotameters used to measure the flow rate of
liquids other than water, it was necessary to scale them each time. This consisted of measuring the
weight of the flowing liquid over a specific period of time. For this purpose, a WLC 10/A2 electronic
scale from Radwag with an accuracy of 0.1 g was used. The flow rate of the liquid was regulated with
poppet valves from Italinox. The flow rate range was from 0 to 250 dm3/h. The tests were carried out
at a liquid temperature of 293 + 1 K.

7
(a) (b)

Figure 1. Experimental setup and methodology: (a) simplified diagram of the experimental setup:

1—tank, 2—pump, 3—valves, 4—liquid rotameters, 5—pressure gauge, 6—pressure-swirl atomizer,
7—coil, 8—camera, 9—strobe, 10—computer; (b) exemplary photo with the spray angle measured.
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The test used pressure-swirl atomizers with the following designs:

e  Atomizers with a conical swirl chamber with different height-to-diameter ratios, with an inlet port
located perpendicular to the atomizer axis and cylindrical orifices (RSP1, RSP2, RSP3, and RSP4);
e  Atomizers with a conical swirl chamber with different height-to-diameter ratios, with an inlet

port located at an angle of 60° in relation to the atomizer axis and cylindrical orifices (RSK1, RSK2,
RSK3, RSK4, RSK5, RSK6, RSK7, and RSKS).

The diameter of the inlet port in each case was d), = 0.0025 m. The atomizers are shown in Figure 2.
The most important geometric values of these atomizers are shown in Table 1. The dimensional
tolerance for the diameter and length of the orifice was +50 pm, while for the diameter and height of
the swirl chamber it was =100 pm.

a) b) 4 1

o

H,

Figure 2. Design of pressure-swirl atomizers with a conical swirl chamber: (a) with the liquid fed
through the inlet port (RSP) perpendicular to the atomizer axis, and (b) with the liquid fed through the
inlet port at an angle ¢ = 60° to the atomizer axis (RSK).

Table 1. Geometric dimensions of the tested atomizers with a conical swirl chamber.

Atomizer Dg (m) Hg (m) dp (m) Iy (m) lo/do
RSP1 0.020 0.015 0.0025 0.00125 0.5
RSP2 0.020 0.020 0.0025 0.00125 0.5
RSP3 0.020 0.025 0.0025 0.00125 0.5
RSP4 0.020 0.020 0.0025 0.00250 1.0
RSK1 0.020 0.015 0.0025 0.00125 0.5
RSK2 0.020 0.020 0.0025 0.00125 0.5
RSK3 0.020 0.025 0.0025 0.00125 0.5
RSK4 0.020 0.020 0.0025 0.00250 1.0
RSK5 0.040 0.015 0.0025 0.00125 0.5
RSK6 0.040 0.020 0.0025 0.00125 0.5
RSK7 0.040 0.025 0.0025 0.00125 0.5

RSKS8 0.040 0.020 0.0025 0.00250 1.0
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In order to determine the spray angle, the standard lens setting was used. The photos were taken
against a black background in order to obtain the clearest possible contour of the stream. The ISO
sensitivity was set to 1000 at a shutter speed of 1/10 s. The Image-Pro Plus software from Media
Cybernetics was used for the spray angle analysis. In order to determine the spray angle, after loading
a given photo into the program, the spray angle as the measured value had to be selected first, and then
two lines limiting the atomized liquid stream had to be drawn. The program automatically gave the
value of the spray angle. The accuracy of the spray angle measurement was +4°.

To measure the shear viscosity, a Physica MCR 501 rotary rheometer from Anton Paar was used.
The test used a cone—plate system of CP60-1-SN21572 type with a slit (d = 121 pm) in the shear rate
range from 51 to 1019 1/s. A Peltier system was used to stabilize the temperature with an accuracy of
+0.01 °C. A K9 tensiometer from Kriiss GmbH in the surface tensions measurements was used. The du
Notiy method was used.

The test polymer was sodium carboxymethylcellulose (Na-CMC) with a molecular weight of
700,000 and a degree of substitution DS = 0.90, manufactured by Sigma-Aldrich. The physicochemical
properties of the tested liquids are summarized in Table 2.

Table 2. Properties of tested solutions.

Coefficient of

Test Solution Density Surface Tension Characteristic Consistency k
pr (kg/m3) o (mN/m) Flow Index n (-) Pas™) y

0.1% aqueous

Na-CMC solution 999.6 71.5 0.93 0.007
0.2% aqueous

Na-CMC solution 999.8 709 0.94 0.010
0.3% aqueous

Na-CMC solution 999.8 70.6 0.89 0.023
0.4% aqueous 999.8 £9.9 0.82 0,053

Na-CMC solution

3. Results

3.1. Rheological Properties of Tested Liquids
In the case of non-Newtonian fluids, the simplest mathematical rheological model is the
Ostwald—-de Waele power model with the form:

T=ky 3)

where 7 is the shear stress, y is the shear rate, k is the consistency coefficient, and 7 is the characteristic
flow index.

Figure 3 shows the dependence of shear viscosity in the aqueous solutions of sodium
carboxymethylcellulose, which showed the characteristics of non-Newtonian fluids. The dynamic
viscosity decreased with increasing shear rate in the tested range. The shear viscosity increased with
increasing polymer concentration in the solution. The effect of the Na-CMC concentration at low values
of y was more pronounced than at high values of y [22]. This may be explained by the fact that a higher
concentration of Na-CMC increases the number of polymer chains per unit volume, thereby shortening
the distance between polymer chains and enhancing the strength of intermolecular entanglement [23].
If the shear rate applied is small, the network between the chains is relatively stable and is difficult
to destroy. If the shear rate applied is high, the convoluted Na-CMC chains are stretched, and the
entangled chains’ structure can easily be broken as described by Chen et al. [24].
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Figure 3. Dependence of shear viscosity on shear rate for aqueous solutions of sodium
carboxymethylcellulose (Na-CMC).

3.2. Spray Angle

Gravity plays practically no important role in the case of pressure-swirl atomizers. From the point
of view of the atomizing process, this means that no matter which direction the atomizer is directed
(upwards, downwards, or sideways) the resulting spray should always be the same, regardless of the
position of the atomizer. At high rotational velocities, on the inner walls of the vortex chamber, we
obtained a thin liquid film with a thickness of s, surrounding the air core. The outside air was sucked
in due to the pressure gradient. Since there was no stabilizing force, the air was sucked into the swirl
chamber. This effect, which is called an air core, begins when the free surface changes. The diameter of
the air core is smaller than the diameter of the atomizer orifice. The air core primarily affects the actual
orifice cross section occupied by the liquid, which is less than:

0

Ap < e (4)
The formation of the air core in connection with the spray angle, droplet diameter, and the flow
velocity of the liquid in the spray was described by Durina et al. [25]. In a conical swirl chamber
(Figure 4), a liquid flows to the atomizer through an inlet port, located in a larger base of the cone,
and hence receives a swirl flow, which is maintained throughout the entire chamber length, all the
way to an orifice in the narrow end of the truncated cone. In the resulting flow, peripheral velocity is
increased when approaching the cylinder axis. Because of the centrifugal force in the swirl chamber,
the pressure decreases towards its axis until it reaches an ambient pressure on the air core surface [26].
Therefore, it seems reasonable to perform experimental studies to determine the influence of the

atomizer geometry on the spray angle value.
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Figure 4. Schematic of the conical swirl chamber.

In Figures 5-7, the dependence of the spray angle on flow velocity is shown for non-Newtonian
liquids (aqueous solutions of sodium carboxymethylcellulose at various concentrations). The increase
in the concentration of the polymer in the solution resulted in a reduction of the spray angle
for all tested liquids and for all analyzed atomizers, which is confirmed by the research of
Broniarz-Press et al. [15]. In this case, the highest spray angles were obtained for a 0.1% aqueous
solution of sodium carboxymethylcellulose, and the smallest spray angles were observed for a 0.4%
aqueous Na-CMC solution.

100
0 < 0.1% aqueous solution of Na-CMC l
90 T
0 0.2% aqueous solution of Na-CMC i
80 +—1 A 0.3% aqueous solution of Na-CMC %
X 0.4% aqueous solution of Na-CMC B
70 i
A
60
50 %
40 % |
LTI S
30 +
. A I
20 T = -
+ l |
10 T
T =&
)\
0 T T T T T
0 1 2 3 4 5 6

vy (m/s)

Figure 5. Dependence of the spray angle on the flow rate for the RSP1 atomizer.
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Figure 6. Dependence of the spray angle on the flow rate for the RSK1 atomizer.
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Figure 7. Dependence of the spray angle on the flow rate for the RSK5 atomizer.
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Pressure-swirl atomizers are characterized by rotating motion of the liquid [27]. The swirl may be
imposed by tangential feeding of the liquid. As this rotating flow exits the orifice, an annular liquid
sheet is formed and breaks up on the droplets. The liquid flow rate depends on the pressure and the
atomizer geometry, as well as the properties of the liquid. In Figures 5-7, we can observe the effect
of the inclination angle of the inlet port. The use of an angular inlet port (¢p = 60°, Figures 6 and 7),
as compared to the inlet port perpendicular to the axis of the atomizer (¢ = 90°, Figure 5), improved
the spraying process—that is, the spray angles were wider. The literature review shows that the spray
cone angle increases as the number of inlet ports is increased, which is in agreement with [28]. This
observation can be attributed to the fact that more inlet ports tend to increase the azimuthal velocity
inside the swirl chamber. A change in the inlet port angle ¢ to an atomizer results in the reduction of
angular momentum at the atomizer inlet port by the value of the function: cos(90° — ¢).

Figure 8 shows an example of the dependence of the spray angle on the flow rate of a 0.1% sodium
carboxymethylcellulose solution for various atomizer designs. We observed that the liquid inlet port at
an angle in relation to the atomizer axis (RSK1) caused an increase in the spray angle as compared to
the position perpendicular to the atomizer axis (RSP1). Larger spray angles were also achieved with a
smaller swirl chamber diameter (RSK1) than with a larger diameter (RSK5). Figures 9 and 10 present
the spray angle values for all tested atomizers. The highest spray angle was obtained for atomizers
with Dg = 0.02 m and an angular inlet port. The lowest spray angle was observed for atomizers with
Dg = 0.04 m. The influence of the height of the swirl chamber was not evident.

100

0 o % %
80 %
70 % %

60

50 % @
0 % é % ORSPI

30
ARSKI1
20
% ORSKS5
10 %
0 &
0 1 2 3 4 5 6

v, (m/s)

Figure 8. An example of the dependence of the spray angle on flow rate for a 0.1% aqueous solution of
sodium carboxymethylcellulose for atomizers of various designs.
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Figure 9. The spray angle values obtained by all tested atomizers for a 0.1% aqueous solution of
Na-CMC for v;, = 2.26 %.

RSP1 RSP2 RSP3 RSP4 RSK1 RSK2 RSK3 RSK4 RSK5 RSK6 RSK7 RSK8

Figure 10. The spray angle values obtained by all tested atomizers for a 0.1% aqueous solution of
Na-CMC for vp = 4.25 Z.

Figure 11 shows the relation between the spray angle tangent, the ratio of the orifice diameter to
the swirl chamber height, and the liquid Reynolds number. The spray angle increased as the liquid
Reynolds number increased. The ratio of the orifice diameter to the swirl chamber height did not
significantly affect the spray angle tangent. The Re; value decreases with increasing vy and dy, and a
higher spray angle was observed. The Re;, value decreases with increasing liquid viscosity, and a lower
spray angle was observed.
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Figure 11. The relation between the spray angle tangent, the ratio of the orifice diameter to the swirl
chamber height, and the liquid Reynolds number (angular inlet port of the liquid (¢ = 60°).

Based on the results obtained for atomizers with a conical swirl chamber and different inlet port
inclinations, the following correlation equation describing the spray angle is proposed:

4 139 1 dO 0.05 dO 0.32 dO 0.42
te = 4.2-107*(cos(90 — 7. Rey | — =2 i e 5
g (cos(30 - ) t (dp) (Ds) (Hs) ©
where Re; is defined as:
vZ—n.dn_pL
Re=~g o~ ©

This equation is correct for atomizers with a perpendicular inlet port and an inlet port positioned
at an angle of 60° to the atomizer axis, in the Reynolds number range from 43 to 4000, with an orifice
diameter of dy = 0.0025 m, an inlet orifice diameter of d, = 0.0025 m, with an inlet port length from
0.00125 to 0.0025 m, a swirl chamber diameter ranging from 0.02 to 0.04 m, and a swirl chamber height
between 0.015 and 0.025 m. The value of R equals 0.857. Figure 12 shows a comparison of the spray
angle values obtained experimentally with the values calculated from Equation (5). The maximum
deviation of the measurements was +30%.
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Figure 12. Comparison of the experimentally obtained spray angle tangent values with those calculated

from Equation (5).

Figure 13 shows an example of the dependence of the spray half-angle tangent on the flow rate of
a 0.1% Na-CMC solution for the RSP3 atomizer obtained on the basis of experimental data, calculations
from the proposed correlation (Equation (5)), as well as Equation (1) proposed by Wéjtowicz and

Kotowski [18].
1.4
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Figure 13. Comparison of the spray half-angle tangent of a 0.1% Na-CMC solution for the RSP3 atomizer
obtained from experimental data with calculations from the proposed correlation (Equation (5)), and

calculation from Equation (1), proposed by Woéjtowicz and Kotowski [18].
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The relation obtained on the basis of the equation of Wéjtowicz and Kotowski [18] does not take
into account the influence of operational parameters and liquid properties on the spray angle, and only
considers the geometry of the equipment. Therefore, the discrepancies between the experimental data
and the values of the tangent of the spray half-angle determined from this equation differ from the
experimental data (i.e., they are much higher). The values determined on the basis of the proposed
correlation (5) are similar to the experimental data. There are still no equations in the literature that
account for all the factors influencing the spray angle value. Therefore, it seems reasonable to determine
the dependence based on numerous experiments, taking the two-phase flow into account.

4. Conclusions

Given the obtained results, we conclude that the spray breakdown manner and the spray angle are
dependent on the viscosity of the liquid. The spray angle values decreased with increasing Na-CMC
concentration (increasing viscosity). The spray angle was also significantly influenced by the atomizer
geometry—especially the location of the inlet connector and the diameter of the swirl chamber. The use
of an angular inlet port, as compared to a port perpendicular to the axis of the atomizer, improved the
spraying process. Larger spray angles were also obtained when using an atomizer with a smaller swirl
chamber diameter. Based on the research results, a correlation equation was proposed to determine the
spray angle tangent depending on the Reynolds number and the atomizer geometry.
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