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Abstract: This study investigated the influence of solid particles on primary breakup and resulting
droplet size for different process parameters. Two sets of Newtonian fluids (each consisting of one pure
liquid and one suspension at the same respective viscosity) were used, for isolated investigation of solid
particles on spray formation independent of liquid viscosity. The spray was recorded by a high-speed
camera and a SpraySpy® system based on the time-shift effect, while a commonly used Spraytec® laser
diffraction analyzer was employed for validation. An external-mixing twin-fluid atomizer was operated
at different gas velocities and corresponding GLR at constant liquid mass flow. For the investigated
suspensions an increased Sauter mean diameter was detected, compared to the pure liquids with identical
dynamic viscosity. This effect was explained by the tensile strength stabilizing the suspension droplets.
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1. Introduction

Although spray processes are often applied in industrial production, the influence of process
conditions and liquid properties on atomization is not yet fully understood. In particular, knowledge
remains limited on the twin-fluid atomization of suspensions with different viscosities and solid mass
fractions, as commonly used in the food industry (e.g., in spray drying), gas cleaning or in entrained
flow gasifiers (EFG). In an EFG, oxygen serves as the gasification and atomization agent, leading to
Gas-to-Liquid Ratios GLR < 1. This limitation necessitates precise understanding of the mechanisms
behind the primary breakup of the suspension jet and the resulting droplet size. Investigations of droplet
size distributions in suspension sprays have typically used the laser diffraction technique due to the
opacity of the emerging droplets [1–3]. Applying this measuring technique results in an integral droplet
diameter that represents the spray quality in the measuring plane. Additionally, suspensions mostly
exhibit non-Newtonian behavior, wide particle size distributions and varying solid mass fractions [4,5].
As a result, a targeted analysis of the influence of solid particles on spray formation that excludes liquid
viscosity has not been possible thus far, which this study aims to redress.

This article aims to make an isolated investigation of solid particles on spray formation independent
of fluid viscosity. The work is based on the local measurement of droplet size distributions in
opaque suspension sprays. Therefore, Newtonian suspensions with varying particle mass fractions
and pure liquids with identical viscosities are used. Spatially resolved droplet size distribution
measurements are performed by means of the time-shift technique and compared to state-of-the-art
laser diffraction measurements.
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2. Theoretical Background

Various theoretical and experimental investigations have addressed the atomization of
low viscosity liquids by using external-mixing twin-fluid atomizers under atmospheric system
pressure [6–8]. Hede et al. [9] provide an overview that compares different twin-fluid nozzle concepts.
Faragò and Chigier [10] used a high-speed camera and twin-fluid nozzles to investigate the primary
breakup of a water jet. Reliq and Weaero, in Equations (1) and (2), describe the process conditions with a
regime classification for liquid breakup morphology through different nozzle geometries:

Reliq =
Dliq · vliq · ρliq

ηliq
(1)

Weaero =

(
vgas − vliq

)2
· ρliq · Dliq

σ
(2)

with the liquid jet diameter (Dliq), velocity (v), density (ρ), dynamic viscosity (ηliq) and surface tension (σ)
as relevant process parameters. The gas and liq subscripts denote the gas and liquid phases, respectively.
A classification was introduced that includes a Rayleigh type, membrane type, and fiber type breakup with
two sub-modes, namely pulsating and superpulsating [10]. When Weaero < 25, the primary atomization is
characterized by the so-called Rayleigh-type regime in which the liquid jet disintegrates into large droplets
close to the centerline of the spray. When Weaero increases up to 70, the membrane-type breakup is reached,
and gas-filled membranes near the nozzle orifice can be detected. These membranes finally rupture into
tiny droplets at the thinnest sheet structure, whereas the liquid accumulated in the rims disintegrates due
to Rayleigh-Plateau instabilities. For Weaero > 100, the fiber-type regime leads to a complete disintegration
of the liquid jet into fibers close to the nozzle orifice. These ligaments then typically disintegrate into
small droplets in accordance to the Rayleigh-Plateau instability [10]. The fiber-type regime is divided
into the pulsating and superpulsating sub-modes, the latter of which is characterized by a fluctuation
in the number density of droplets in the spray. Lasheras and Hopfinger [11] included the effect of the
dynamic pressure ratio (momentum flux ratio) of the gas and liquid phases j, as given in Equation (3),
for the characterization of the fiber-type breakup:

j =
jgas

jliq
=

v2
gas · ρgas

v2
liq · ρliq

(3)

Lasheras and Hopfinger [11] held the nozzle geometry and gas density constant in their study,
with the result that the primary breakup length and spray angle were solely assigned to the momentum
flux ratio and were only affected by the gas phase velocity.

To consider the effect of liquid viscosity on the resulting primary breakup, the Ohnesorge number Oh,
Equation (4), is typically applied:

Oh =
ηliq√

σ · ρliq · Dliq

(4)

The Ohnesorge number describes the relation between viscous forces and the square root of the inertia
and surface tension forces.

Numerous studies have investigated the effect of increased viscosity on spray characteristics.
Wachter et al. [12] provide an overview of the most relevant papers that investigated liquid viscosities
of ηliq > 50 mPa·s. Typically, an increase in the droplet size is detected in conjunction with increasing
dynamic viscosity. Li et al. [13] investigated a wide viscosity range of ηliq = 1− 805 mPa·s. Furthermore,
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as the viscosity increases, an increase in the primary breakup length is detected, as well as a pronounced
membrane-type breakup over a wide range of Weaero [14]. It should be noted that these dependencies
only refer to Newtonian liquids, whereas suspensions in industrial contexts often reveal non-Newtonian
flow behavior. Most of the suspensions investigated show the effect of shear-thinning (ηliq = f (γ̇))
due to the presence of aspherical particles and chain-like polymers that align in the shear direction [15].
This effect causes the viscosity to decrease as the shear rate increases. Due to the fact that the shear rate
varies significantly within the spray cone as well as during the atomization process itself, a description
of the disintegration process of non-Newtonian media is highly complex. Typically, these liquids are
characterized, respectively, by zero viscosity ηliq,0 = ηliq,(γ̇=0 s−1) or viscosity at an infinite shear rate
ηliq,∞ = ηliq,(γ̇→∞), whereas neither condition is a precise description of the shear rate that is relevant
during the atomization process. Mansour and Chigier [16] therefore investigated the atomization of
xanthan gum and polyacrylamide using a Phase Doppler anemometer, noting a droplet size correlation,
including an Oh number, with shear dependent dynamic viscosity. Mansour and Chigier [16] calculated
the shear stress limit as being γ̇max = 20,000 s−1, by applying different liquids and nozzle configurations.
Other authors have determined the maximum shear rate that occurs during atomization as follows: Aliseda
et al. [17] (γ̇max = 225 s−1), Gillberg et al. [18] (γ̇max = 450 s−1), Ghezelchi et al. [19] (γ̇max = 500 s−1) and
Zhao et al. [20] (γ̇max = 4.3–7.8 s−1). In addition to the description with fixed shear rates, Sänger et al. [14]
propounded an approach relating to the measurement of the Kelvin-Helmholtz instability frequency of
fKH = f (γ̇) in order to gain information on the effective viscosity relevant for the primary breakup.
As previously noted, many different approaches for the description of non-Newtonian behavior in
atomization processes have been proposed. However, the inconsistency of the chosen shear rate means
that the results are typically not applicable to various media and operating conditions.

The following section provides an overview of relevant literature on the measurement of suspension
sprays. Smith et al. [3] presented a detailed comparison of investigations of the atomization of suspensions
using external-mixing twin-fluid atomizers. Typically gas velocity and GLR were varied, applying coal
water slurries (CWS) featuring various shear-dependent viscosities due to particle loading, particle size
distribution and stabilizing additives. Earlier investigations with pure liquids indicate that increasing
the GLR and vgas always leads to a decrease in the droplet size, whereas an increase in Ṁliq results in an
increase in droplet size. A detailed interpretation of the influence of particles on spray formation is not
given. Smith et al. [3] employed a plain-jet airblast nozzle at GLR = 0.5–5 and vgas = 60–100 m·s−1.
Four slurries with significantly different ηliq,0 were atomized and characterized by means of laser diffraction
measurements. The authors postulate that for the complete atomization of the bulk phase of CWS, GLR ≥ 5
is a necessary condition. Cronin et al. [21] conducted spray experiments using two CWSs with different
particle loadings (φP = 60 and 70 wt-%) and three fuel film thicknesses applying plain-jet atomizers at
GLR = 1–5 and vgas = 60–80 m·s−1. Again, laser diffraction was used to investigate the resulting drop
sizes. These investigations revealed that the slurry with higher particle loading - despite showing higher
viscosity values - disintegrated into smaller droplets under the same atomization conditions, which was
explained by the shear rate dependency of the dynamic viscosity. Additionally, as the fuel film thickness
increased, the droplet size also increased significantly. Continuing this series of experiments in a later
study, Smith et al. [22] present a correlation for the integral Sauter mean diameter (Id32) calculation,
depending beside the previously used operating conditions also on the parameters of the power law
expression for the inclusion of non-Newtonian flow behavior of CWS. In addition to laser diffraction,
a patternator for radial mass flux measurement was used and detected a reduction in the spray cone angle
in conjunction with a decrease in the GLR. In 2001, Mulhem et al. [23] started a systematic investigation of
model suspensions using a laser diffraction system for droplet size measurement and a high-speed camera
for the detection of primary breakup. The researchers employed a gas-assisted nozzle with a central liquid
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jet surrounded by an angled concentric annular gap for the gas phase. The non-Newtonian suspensions
consisted of water and buoyant polymer particles with undefined shapes, DP = 10, 30, 50, 100 µm and
φP = 10–50 wt-%. For decreasing γ̇ and DP, as well as increasing φP, an increase in the ηliq was detected.
A droplet size measurement at z = 500 mm downstream of the nozzle orifice yielded a bimodal droplet
size distribution for DP > 50 µm and a monomodal droplet size distribution for DP < 50 µm. For the
bimodal distribution (also called the solid-liquid separation), a liquid peak was observed, which is shifted
towards smaller droplet diameters with increased gas velocity, whereas the solid peak remained constant
and represented the original particle size.

In contrast to pure liquids, suspensions have phase boundaries in which solid particles and the liquid
phase interact with each other. A capillary force description is used [23], postulating that the disintegration
of suspension droplets must overcome the force of surface tension, as well as the capillary force of liquid
bridges holding the solid particle agglomerates together. This effect is more pronounced for constant mass
fractions and decreasing particle sizes due to the higher number density (and therefore particle surfaces)
in the suspension. In a subsequent study, Mulhem et al. [24] performed additional experiments with
spherical glass particles at DP < 50 µm and water, glycerol/water and carboxymethyl cellulose/water.
The increase in droplet size for the suspension versus the pure continuous phase was explained by the
agglomerate strength, assuming Wecrit = 1.18 for the secondary atomization of pure liquids, according to
Hinze et al. [25], which resulted in a disintegration diagram. To estimate the critical breakup conditions of
suspension droplets, the tensile strength for the pendular state is balanced by the aerodynamic pressure of
the gas phase (see Equation (5), below, and Mulhem et al. [26,27]). This estimation can be applied to high
solid mass fractions in suspension droplets.

9
4
·

ρsus
ρP

1− ρsus
ρP

· σ

DP
=

ρgas · v2
gas

2
(5)

Here, the index sus represents the suspension. In a further publication, Mulhem et al. [26] presented
the atomization of a non-Newtonian kaolin/water suspension. To summarize this work, the critical
particle size for the occurrence of a solid-liquid separation was set to d32 ≈ DP and a correlation for the
determination of the droplet size was presented with the following dependencies:

Id32 = f
(

Dliq, Oh,
1

Weaero
,

1
GLR

)
(6)

In 2012, Zhao et al. [20] presented a morphological classification of the primary atomization of
a CWS jet, expanding the earlier investigations of Mulhem et al. [26] in this area. Eight slurries with
varying particle size distributions and three different added stabilizers were applied. Two external-mixing
twin-fluid atomizers with central liquid jet and a concentric annular gap for the fast gas stream were
used. The regimes were classified as either Rayleigh-type, fiber-type or atomization (which corresponds
to the fiber-type supersulsating sub-mode) in the parametric space of Weaero and Oh. Due to the particle
loading, membrane formation was significantly reduced, although the viscosity of the suspension was
increased, which typically leads to an increase in membrane formation for pure liquids. Additionally,
Zhao et al. [28] determined a dimensionless correlation for the breakup length in accordance with the
Kelvin-Helmholtz—Rayleigh-Taylor hybrid model. Periodic structures as shear waves for low ηliq and high
vliq, as well as jet oscillation for low vliq and high ηliq were identified, leading to a significant change in the
spray angle. In 2016, Jampolski et al. [29] presented the stabilizing effect of capillary suspensions by adding
small amounts of octanol to a beechwood coke slurry, leading to a significant increase in ηliq,0 and enhanced
storage stability. Applying these capillary suspensions for atomization to an external-mixing twin-fluid
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nozzle, the increased octanol fraction led to a decrease in the spray angle, droplet size and a change in
the primary instability. This effect was attributed to a decrease in the surface tension, with increasing
octanol content.

To conclude the literature review, previous studies provide a wide overview of suspension atomization
processes. In particular, the early investigations of model suspensions by Mulhem et al. [24] lead to a major
insight into the disintegration process. Furthermore, the studies presented here emphasize the importance
of isolating the influence of spray parameters, as well as fluid properties. This knowledge can be deepened
through the application of new image evaluation methods [30] and measurement techniques [31], such as
the measurement of local droplet sizes instead of integral measurement, as commonly performed by means
of laser diffraction.

Thus, this work investigates the influence of solid particles on spray formation and the resulting
local droplet size distributions for constant dynamic viscosity. Primary breakup was detected by a
high-speed camera, whereas the local drop size was analyzed with a SpraySpy® system, which allows
for the measurement of local drop size distributions in opaque suspension sprays and is based on the
time-shift method. Finally, a conventional laser diffraction-based measurement system was used to confirm
and validate the measured tendencies. Ethylene glycol (ηliq = 21 mPa·s) and a glycerol/water-mixture
(ηliq = 70 mPa·s) were used as pure liquids. The suspensions were composed of mixtures of ethylene glycol
and spherical glass particles with size fractions of Dp = 40–70 µm. Solid mass fractions of φP = 30 wt-%
and φP = 50 wt-% were used for the suspensions, resulting in ηliq = 25 mPa·s and ηliq = 70 mPa·s,
respectively. This setup allows for separation of the influence of particles on spray formation independent
of the fluid viscosity.

3. Experimental Setup and Measurement Techniques

The investigations were conducted using the ATMOspheric spray test rig (ATMO), described in detail
in Sänger et al. [14] and shown in Figure 1. For spray characterization, a time-shift and a laser diffraction
system, as well as a high-speed camera, were used. A twin-fluid lance was supplied by liquid or suspension
fluids through an eccentric screw pump (mass flow range: Ṁsus = 5–40 kg·h−1) controlled with a Coriolis
mass flow and density meter. A stirred liquid storage tank was used to avoid sedimentation. A hot wire
anemometer with a valve controlled the atomizing air mass flow in the range of: Ṁgas = 1–20 kg·h−1. To
prevent the recirculation of small droplets through the suction of the exhaust air, a honeycomb structure
was placed at the inlet of the collection tank to serve as flow straightener. The twin-fluid atomizer has
a central tube with dliq = 2 mm and a surrounding gas slit of sgas = 2.88 mm. The influence of the tube
separating the gas and liquid at the nozzle orifice was minimized by reducing the wall thickness to b = 0.1
mm. According to Tian et al. [32], this configuration results in an undisturbed gas flow at the exit of the
nozzle. The nozzle has parallel flow channels to enable the comparability of the experimental results with
other investigations, for example those of Faragò and Chigier [10] and Zhao et al. [20].



Appl. Sci. 2020, 10, 7615 6 of 17

Figure 1. Schematic view of the atmospheric spray test rig (ATMO) with the applied twin-fluid nozzle.

For the characterization of the applied liquid and suspension fluids in terms of flow behavior and
media properties, the following systems were used: The liquid viscosity was quantified by a Physica MCR
101 rheometer [33] equipped with a Searle-type measuring system [34]. The surface tension of the liquids
was measured with an EasyDyne tensiometer [35] that employed the Du Noüy ring method [36]. The
liquid surface tension was determined in accordance with the approach of Son and Kihm [37]. The density
was measured using the weighing method. The complex refractive index n = nreal + iA was measured
with an Abbe-refractometer for nreal and with visible spectroscopy for the attenuation A.

A high-speed camera was applied for the investigation of the primary breakup close to the nozzle
orifice. This device was able to produce images at a frame rate of f = 3600 Hz at a resolution of 1 megapixel
and up to f = 500 kHz at reduced resolution of 128 × 16 pixels. The images were captured by applying
backlight illumination of the region of interest with a special lighting setup. An array of 9 high-power
light-emitting diodes (LED) with a total luminous flux of 9 × 4500 lm was used. The position of each
individual LED within the array was optimized for best light spread. Due to the high intensity and
homogeneous distribution of the light, very short exposure times (texp ∼ 7 µs) could be used. This light
setup enabled a sharp representation of the droplets, even in case of fast flow conditions [38].

For the local measurement of droplet size and velocity, a so-called SpraySpy® from AOM-Systems
was mounted on a 2-D traverse system at z = 150 mm downstream from the nozzle orifice. This measuring
position was chosen for two reasons: (i) the secondary breakup is completed at even higher viscosities than
those of the investigated liquids, as seen in previous experiments at ηliq = 200 mPa·s [14]; (ii) the droplets
are spherical, as revealed by high-speed camera images and which is also necessary for applicability
of the SpraySpy® system. Damaschke et al. [39] described the effect of non-spherical droplets on size
measurement using the time-shift technique. The measurement system uses the time of flight method
for calculation of droplet velocity and the time-shift method for detection of local droplet diameter [40].
The system was operated in backscatter mode with a working distance of ∆x = 250 mm. Two laser beams
from laser diodes with wavelengths of λL1 = 405 nm and λL2 = 450 nm each with a constant laser power of
about 5 mW, a beam distance of ∆s, as well as four detectors in fixed angle of ϑS = 165◦ to the measuring
plane are mounted, see Figure 2.
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Figure 2. Schematic view of the SpraySpy® system in the x,z-plane.

As a result of the passage of a transparent droplet through the measurement volumes of laser L1 and
laser L2, each of the two detector pairs (D1 & D2 as well as D3 & D4) received the typical measurement
signal consisting of different scattering orders at several time steps. According to Figure 3, at t1 and
t6, second order refraction in the second mode occurs, whereas for t2 and t5, the first mode is detected.
When the laser beam is located close to the horizontal axis of the droplet (t3 & t4), the reflection at the
droplet surface is recorded [40]. When performing the same measurement with an opaque droplet, the
scattered light can solely be described by the time steps t3 and t4. For the reason the droplet’s opacity, the
refraction cannot be observed due to the scattering of light at the particles within the droplet. As two laser
beams were used, the measurement signals shown in Figure 4 were acquired twice.

Figure 3. Schematic view of a scattered laser beam exiting a transparent droplet with n = 1.333 at ϑS = 165◦

for different times t1 to t6 as a function of droplet velocity vz. The predominant scattering mode at the
presented time step is shown as the thick line.

Figure 4 (left) illustrates the signal scattered from a transparent droplet at ϑS = 165◦ as peaks over time
for one laser beam and two detectors. The different time-shift periods can be detected between the signals
p = 2.2 (second order, second mode refractions) as ∆t22,22, p = 2.1 (second order, first mode refractions) as
∆t21,21 and p = 0 (reflections) as ∆t0,0. When applying an opaque suspension droplet, the detected signal in
ϑS = 165◦ can be illustrated as shown in Figure 4 (right). Here, the region of scattered light around the
signal peak of the reflection for the respective detector can be attributed to the scattering of the particles
within the droplet. The time-shift periods are then reduced to ∆t0,0 for p = 0. Through a comparison of
different redundant time-shift period ratios, a validation can be performed, as described in further detail
by Schäfer et al. [40]. Further experiments and simulations concerning the time-shift signal of colloidal
suspensions can be found in Li et al. [41].
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Figure 4. Signal of scattered light from a transparent (n = 1.333) (left) and an opaque (right) droplet in
ϑS = 165◦ while passing the laser beams. Detector D1 is shown in gray with dotted lines, detector D2
in black.

With the SpraySpy® system, a transparent and an opaque measuring mode can be chosen for a
maximum droplet diameter of dmax = 1000 µm. Furthermore, the time-shift constant is needed for
transparent mode, which is a function of the refractive index. Three different sensitivity levels can be set;
increased sensitivity leads to higher data rate but lower signal validation and vice versa. In the following
experiments, the sensitivity was always set to the optimal level between signal validation and data rate.
Depending on the applied fluid, the associated opacity mode was used.

For the integral droplet size measurement, the Spraytec® STP5342 [42] was used; a state-of-the-art
laser diffraction system (LDS) with a Fourier lens with focal length of fLDS = 750 mm, a He-Ne laser with
a diameter of dLDS = 10 mm and a wavelength of λLDS = 632.8 nm. The setup allows for the detection
of droplets in a size range between 1 µm and 2000 µm. For all measurements multiple light scattering
correction algorithm was not applied, due to the high transmission values detected across all of the
operating conditions [43]. The system was operated with a Lorenz-Mie analyzer and installed at the same
axial distance to the nozzle as the SpraySpy®. Laser diffraction is typically applied in the literature [1–3] for
liquid and suspension sprays and thus used for validation of the tendencies measured with the SpraySpy®

system.

4. Results and Discussion

The following chapter starts with the rheological characterization and the presentation of all relevant
liquid and suspension properties. Then, the results of the spray characterization are presented and
discussed with reference to the radial profiles of the Sauter mean diameter, as well as the high-speed
camera images. Finally, the comparison of the local d32 values revealed by the time shift-based system and
the integral d32 values revealed by state-of-the-art laser diffraction measurement technique is presented.

4.1. Rheological Characterization

Initially, the flow behavior concerning liquid viscosity and its dependence on the shear rate was
investigated. All of the measurements were performed at least twice. As expected, for both liquids
(ethylene glycol & the glycerol/water-mixture) a Newtonian flow behavior was detected; see Figure 5 (left).
Due to the fact that no segregation effects or particle sedimentation could occur, the increment of the
shear rate was set as linear. The dynamic viscosity of ethylene glycol was ηliq = 21 mPa·s, whereas the
glycerol/water-mixture with φW = 19.5 wt-% featured ηliq = 70 mPa·s.
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Figure 5. Viscosity measurement of ethylene glycol and a glycerol/water-mixture with a linear shear
rate increment applied (left); Viscosity measurement of the suspensions ethylene glycol/ink, ethylene
glycol/ink/glass (30 wt-%) and ethylene glycol/ink/glass (50 wt-%) with a logarithmic shear rate increment
applied (right).

At the beginning of the rheological characterization of the suspensions, investigations of suspension
viscosity over time at a constant shear rate were performed for ∆t = 30 min. These investigations revealed
first effects of sedimentation on the suspension viscosity after t = 2 min. To capture the entire range of the
shear rate, the increment was set to logarithmic, which allows for the investigation of a large shear rate
range with negligible sedimentation influence.

To guarantee for an adequate data rate with the SpraySpy® system in opaque operation mode,
a constant amount of black ink (Pelikan A17 black ink) φink = 0.13 wt-% was added to the suspensions.
The addition of ink had three effects: (i) The data rate increased significantly, even with a small amount of
ink. As a result, the ink mass fraction increased until no further data rate increase was achieved, leading to
φink = 0.13 wt-%. (ii) The ink enabled the detection of pure liquid droplets even smaller than the glass
particles that resulted from the solid-liquid separation, in the opaque mode of the SpraySpy®. (iii) Ink
did not affect the resulting dynamic viscosity, as shown in Figure 5. Here, the dynamic viscosity of pure
ethylene glycol (Figure 5 (left)) and the ethylene glycol/ink–mixture (Figure 5 (right)) was similar.

As can be seen from the measurements shown, both suspensions exhibited Newtonian flow behavior
(see Figure 5 (right)). This effect can be explained by several reasons: (i) the particles used are spherical
and not deformable, which avoids an alignment in shear direction or deformation, typically leading to
non-Newtonian flow behavior; (ii) the particle size distribution shows a narrow span without formed
agglomerates as often found in non-Newtonian suspensions. The Sauter mean diameter of the glass
beads with wt− d32,P = 40–70 µm (density: ρP = 2500 kg·m−3) (according to the manufacturer [44]) was
checked in an extra set of experiments by means of laser diffraction, which revealed a particle diameter
of d32,P = 69± 0.91 µm. An increase in the glass mass fraction from φP = 0 wt-% to φP = 30 wt-% led
to an increase in the viscosity from ηliq = 21 mPa·s to ηsus = 25 mPa·s, as shown in Figure 5(right). The
difference between the viscosities mentioned is therefore negligible. A further increase in the glass mass
fraction from φP = 30 wt-% to φP = 50 wt-% resulted in a significant increase in the viscosity to ηsus = 68
mPa·s, which is nearly identical to the ηliq = 70 mPa·s of the glycerol/water-mixture. The refractive index
of the glass particles was n = 1.52 as given by the manufacturer [44].

All of the measured fluid properties are summarized in Table 1.
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Table 1. Summary of the measured fluid properties—the measurements were performed at T = 20 ◦C and
p = 1 atm.

Glycol Glycerol/Water Glycol/Ink/Glass Glycol/Ink/Glass

φP in wt−% 0 0 30 50
ρ in kg·m−3 1110 1215 1332 1537
η in mPa·s 21 70 25 68
σ in mN·m−1 48 65 48 48
nreal in − 1.432 1.445 1.432 1.432
A in − 0 0 0 0
Oh 0.064 0.176 0.070 0.178

4.2. Spray Characterization

The following section discusses measurements of droplet size obtained using the time-shift technique
as well as laser diffraction. Every radial profile and integral measurement was performed three times to
guarantee the reliability of the results. Reproducibility is given as standard deviation in the diagrams.
The maximum deviation of local d32 is < 10 µm. According to this small deviations, error bars are hardly
visible for some measurement positions. After a full radial profile was measured and the rotational
symmetry proven, two half-profiles of x ≤ 0 mm were carried out; the profiles were mirrored at radial
position x = 0 mm. Therefore, the mirrored data points are shown as open symbols in the following
diagrams. To obtain a reliable dataset at every radial position, the measuring options were set to either
20,000 droplets or a measuring time of at least 180 s. As mentioned above, the measuring plane was
set to z = 150 mm for all measurements. For laser diffraction the measurement time was set to t = 30 s.
The values of Sauter mean diameter detected by laser diffraction are given as d32,LDS with a maximum
deviation of ±9 µm.

4.2.1. The Influence of Gas Velocity on the Radial Sauter Mean Diameter Distribution and
Primary Breakup

Figure 6 (left) shows the radial distribution of the Sauter mean diameter profiles for the ethylene glycol
with ηliq = 21 mPa·s at vgas = 60 m·s−1 and vgas = 80 m·s−1. For both gas velocities, a W-shaped radial
profile was detected where the profile was more pronounced for the vgas = 80 m·s−1. With increasing
gas velocity (i.e., GLR), the droplet size decreased over the entire spray cone. The decrement of droplet
size was around ∆d32 = 50 µm. The high-speed camera images in Figure 6(right) also show an effect
that had a clear influence on the droplet size. For vgas = 60 m·s−1, smaller membranes and fibers leaving
the detection area can be observed, whereas for vgas = 80 m·s−1, the spray was highly homogenous in
droplet size and without ligaments in the near field of the nozzle. The decrement in droplet size for the
increased gas velocity has been confirmed by other researchers [9,45,46]. For both of the illustrated primary
breakup images, the flapping instability (which is characterized by the non-axisymmetric oscillation of
the liquid jet) was the predominant disintegration mode detected in the fiber-type regime according
to [14]. In order to validate the tendencies revealed by the SpraySpy®, additional measurements were
performed with a commonly used laser diffraction system. The results for both gas velocities are shown
in Figure 6 (left) as values. Due to the fact that the measurement systems differ, the results are only
qualitatively compared in terms of their tendencies, as in [47]. As expected, the Sauter mean diameters
detected by laser diffraction were smaller than those measured by the SpraySpy®. This is in accordance
to the comparison measurements of other local measurement techniques and laser diffraction [47,48].
The present research is primarily focused on the influence of different process parameters on spray
development. In this context both measurement techniques showed that with increasing gas velocity the
droplet size decreased. For the LDS a decrease in droplet size of ∆d32,LDS = 56.6 µm was detected, which
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implies good agreement and a validation of the tendencies attained with the time-shift technique leading
to a decrease of around ∆d32 = 50 µm.

Figure 6. Radial distribution of the Sauter mean diameter at z = 150 mm below the nozzle orifice as a function
of gas velocity (i.e., GLR) for ηliq = 21 mPa·s (dots: SpraySpy®, values: LDS) (left); High-speed camera
images of the primary breakup for ηliq = 21 mPa·s at (a) vgas = 60 m·s−1 and (b) vgas = 80 m·s−1 (right).

4.2.2. The Influence of Dynamic Viscosity on the Sauter Mean Diameter Distribution and Primary Breakup

In Figure 7 (left), the radial distribution of the Sauter mean diameter is shown at vgas = 80 m·s−1

for ethylene glycol with ηliq = 21 mPa·s and the glycerol/water-mixture with ηliq = 70 mPa·s. Here,
both investigated liquids show a distinct W-shape radial profile. With increasing dynamic viscosity, the
droplet size increases, which corresponds to [13,14]. In the region of the spray axis, the increment in
droplet size is more pronounced, whereas the size difference is reduced with increasing radial distance to
the spray center. These results are confirmed by the high-speed camera images in Figure 7 (right). For
increasing the dynamic viscosity, the disintegration process leads to the formation of large ligaments,
leaving the field of view marked, finally leading to increased droplet sizes. Identical tendencies can also
be found in the literature [13] and are typical for an increase in ηliq. In the present case, this effect is even
more pronounced due to the higher surface tension of the glycerol/water-mixture compared to ethylene
glycol (see Table 1). As the surface tension increases, the secondary breakup of droplets is reduced for
the same aerodynamic operating conditions. The fiber-type regime underpinned the primary breakup of
both investigated liquids. Contrary to the flapping instability of low viscosity liquids, the predominant
disintegration mode for the glycerol/water-mixture is a pulsating Kelvin-Helmholtz wave according to
[14].

Laser diffraction measurements were performed to compare the tendencies observed with the
SpraySpy®. The results for both dynamic viscosities are illustrated in Figure 7 (left). In the case of
both measurement techniques, the droplet size increases with increasing dynamic viscosity. Here, the LDS
detected an increase in droplet size of ∆d32,LDS = 33.7 µm for increasing viscosity. The difference measured
by the SpraySpy® system was between ∆d32 = 15–30 µm dependent on the radial position, which implies
good agreement and a validation of the results attained with the time-shift technique.
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Figure 7. Radial distribution of the Sauter mean diameter at z = 150 mm below the nozzle orifice
as a function of the dynamic viscosity for vgas = 80 m·s−1 (dots: SpraySpy®, values: LDS) (left);
High-speed camera images of the primary breakup for vgas = 80 m·s−1 at (a) ηliq = 21 mPa·s and
(b) ηliq = 70 mPa·s (right).

4.2.3. The Influence of Varying Particle Fractions on the Sauter Mean Diameter Distribution and
Primary Breakup

Figure 8 (left) shows the radial distribution of the Sauter mean diameter at vgas = 80 m·s−1 for
ethylene glycol with ηliq = 21 mPa·s and the ethylene glycol/ink/glass-mixture with ηsus = 25 mPa·s,
φP = 30 wt-%. As shown in the liquid and suspension properties (see Table 1), the particle mass fraction
can be investigated isolated from other parameters influencing the atomization process such as dynamic
viscosity or surface tension. Compared to the previous results, the suspension with φP = 30 wt-% also
shows a distinct W-shape profile. A comparison of the two fluids with similar viscosities but varying
particle fractions reveals a significant increase in droplet size over the entire spray cone. To confirm that
the result cannot be attributed to a change in the measuring mode from transparent to opaque, the same
results for the low-viscosity liquid were identified using a mixture with ethylene glycol and ink in the
opaque mode of the SpraySpy® (see Section 3). As already discussed in the previous chapter, a maximum
increment in the droplet size was achieved in the center of the spray. With regard to the high-speed camera
images, the primary breakup of the pure liquid and suspension only shows small deviations. The detected
droplets for φP = 30 wt-% were larger compared to the pure liquid, with some remaining fragments of
the primary breakup in the far field of the nozzle. For both investigated fluids, the fiber-type regime with
flapping instability was the predominant disintegration mode according to [14].

For a comparison of the tendencies observed with the SpraySpy®, laser diffraction measurements
were performed. The results are illustrated in Figure 8 (left) for both solid mass fractions at low viscosity
(ηliq/sus = 21–25 mPa·s). For both of these measurement techniques, the droplet size increased in
conjunction with increasing solid mass fraction and constant viscosity. The LDS showed an increment of
∆d32,LDS = 26.3 µm, whereas the SpraySpy® system detected an increment of ∆d32 = 50–60 µm depending
on radial position.



Appl. Sci. 2020, 10, 7615 13 of 17

Figure 8. Radial distribution of the Sauter mean diameter at z = 150 mm below the nozzle orifice as a
function of the glass mass fraction for vgas = 80 m·s−1 (dots: SpraySpy®, values: LDS) (left); High-speed
camera images of the primary breakup for vgas = 80 m·s−1 at (a) φP = 0 wt-% and (b) φP = 30 wt-% (right).

Considering the secondary breakup of suspension fragments and droplets, as presented by Mulhem
et al. [24], the difference in droplet size at z = 150 mm can be explained using the tensile strength approach.
For disintegration of a liquid droplet, the surface tension force must be overcome, whereas the tensile
force of a suspension droplet is significantly higher [27]. Therefore, the dynamic pressure of the gas phase
required for the disintegration of a suspension droplet is increased significantly compared to that for a
pure liquid droplet. This effect is explained in the following example:

With a force balance between the surface tension force and dynamic pressure of the gas phase, an
ethylene glycol droplet with d32 = 300 µm requires a relative gas velocity of vgas > 12.5 m·s−1 for further
breakup [25]. Against this, applying Equation (5) and assuming a pendular state of the suspension
droplet, according to Capes [27], a relative gas velocity of vgas > 21.9 m·s−1 is needed to induce further
breakup. Due to the fact that the gas velocity decreases with increasing distance from the nozzle orifice,
the disintegration process of the suspension droplets is halted at larger droplet sizes compared to the case
of pure liquids for identical operating conditions at the nozzle.

Comparing the results of low viscosity (ηliq/sus = 21–25 mPa·s) with those revealed for the increased
viscosity of ηliq = 70 mPa·s, similar conclusions can be drawn. In Figure 9 (left), the radial distribution of
the Sauter mean diameter profiles is shown at vgas > 80 m·s−1 for the glycerol/water-mixture with ηliq =

70 mPa·s, φP = 0 wt-% and the ethylene glycol/ink/glass-mixture with ηsus = 68 mPa·s, φP = 50 wt-%.
For an increase in the glass mass fraction from φP = 0 wt-% to φP = 50 wt-%, a significant increase in the
droplet size was detected. The W-shaped profile is revealed with both media. The high-speed camera
images in Figure 9(right) show the fiber-type breakup for both fluids. For the suspension, no ligaments
were identified in contrast to the pure liquid. Nevertheless, in both cases large fragments exit the field of
view. For both media, a pulsating Kelvin-Helmholtz wave can be identified as the predominant instability
according to [14].

The significant difference in droplet size can be attributed to a difference in secondary atomization.
As described by the tensile force approach mentioned above. Here, for the previously described force
balance, applying Equation (5), a glycerol/water (ηliq = 70 mPa·s) droplet with a diameter of d32 = 300 µm
requires a gas velocity of vgas > 14.6 m·s−1 for secondary breakup due to the surface tension force.
Contrastingly and according to Capes [27], a relative gas velocity of vgas > 21.9 m·s−1 is needed for the
further breakup of the suspension droplet.
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Finally, the tendencies observed with the SpraySpy® system are compared with the laser diffraction
measurements. The results for both solid mass fractions at increased viscosity (ηliq = 68–70 mPa·s) are
illustrated as values in Figure 9 (left). For both measurement techniques, with increasing solid mass
fractions and constant viscosity, the droplet size increases. The LDS showed an increment of ∆d32,LDS =

73.1 µm, whereas the SpraySpy® system detected an increment of ∆d32 = 60–80 µm depending on radial
position. Thus, the tendency detected by the SpraySpy® were validated by the commonly used laser
diffraction system, which confirms the reliability of the local measurements. Concluding the comparison,
the maximum deviation between the measurement systems in the measured tendencies of droplet size
was ∆d32 = 30 µm, revealed for the variation of solid mass fraction from φP = 0 wt-% to φP = 30 wt-% at
low viscosity.

Figure 9. Radial distribution of the Sauter mean diameter at z = 150 mm below the nozzle orifice as a
function of the glass mass fraction for vgas = 80 m·s−1 (dots: SpraySpy®, values: LDS) (left); High-speed
camera images of the primary breakup for vgas = 80 m·s−1 at (a) φP = 0 wt-% and (b) φP = 50 wt-% (right).

4.3. Conclusions

This study investigated the influence of solid particles on spray formation for different process
parameters. The dynamic viscosity was constant. To achieve this, two sets of Newtonian fluids (each
consisting of one pure liquid and one suspension at the same respective viscosities) were used. The spray
was recorded by a high-speed camera and a SpraySpy® system based on the time-shift effect, while a
commonly used Spraytec® laser diffraction analyzer was employed for validation. In contrast to laser
diffraction measurements, the SpraySpy® system allows for the detection of local spray characteristics.
An external-mixing twin-fluid atomizer was operated at different gas velocity and corresponding GLR at
constant liquid mass flow. The results of the experiments can be summarized as follows:

• Newtonian flow behavior of the suspensions was achieved by suspending round glass beads of a
specific size but different mass fraction in Newtonian liquids. For each suspension, a pure liquid
with same viscosity was additionally used as reference fluid, which allows for the separation of the
effect of the glass mass fraction and dynamic viscosity on atomization.

• A new measurement technique that applies the time-shift method for local measurement of droplet
size and velocity in opaque suspension sprays was successfully used. The following effects were
observed:

– With increasing gas velocity, the radial Sauter mean diameter distribution decreased.



Appl. Sci. 2020, 10, 7615 15 of 17

– With increasing dynamic viscosity, the radial Sauter mean diameter distribution increased.
– With increasing solid mass fraction, an increasing droplet diameter was detected. This effect

can be explained by the theory of tensile strength and a force balance.

• The primary breakup analysis of the viscous liquids and suspensions was performed with a
high-speed camera. The primary breakup instability varied as a function of the dynamic viscosity,
whereas a change in the solid mass fraction led to the same instability mode.

• The dependencies of droplet size on gas velocity, dynamic viscosity and solid mass fraction revealed
by the SpraySpy® system were confirmed by a commonly applied laser diffraction system.
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