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Abstract: This study aims to derive basic principles for liquid mass flow scaling of gas-assisted
coaxial nozzles. Four liquid mass flow steps were investigated in the range of Ṁliq = 20–500 kg·h−1,
applying four atomizers with similar geometry designed at Weaero = const. High-speed camera
and phase Doppler anemometer were utilized to detect the local droplet size distribution. To estimate
a reliable measurement plane, a detection method and determination according to the free jet theory
was used. The resulting droplet size was analyzed, applying the aerodynamic Weber number, as well
as the gas momentum flow. An empirical model was derived out of the measured data, which allows
for liquid mass flow scaling when process parameters such as GLR, liquid mass flow, and required
Sauter mean diameter are specified. The model was developed as a first step towards liquid mass
flow scaling of gas-assisted coaxial atomizers within the investigated range of operating conditions.

Keywords: mass flow scaling; gas-assisted nozzles; Weber number; empirical model

1. Introduction

Gas-assisted coaxial atomizers with central liquid jets are commonly utilized in indus-
trial applications such as spray drying and coating [1], food-processing [2], combustion [3],
and gasification processes [4]. Despite the noted variety of possible applications, physical
as well as atomization phenomena forming a droplet collective from a liquid jet through
a high-velocity gas stream are not yet fully understood. As this topic is of fundamental
interest in the field of two-phase flows, extensive research was already performed on the
morphological classification of liquid jet breakup [5], the secondary breakup of liquid
fragments [6,7], or spray characterization [8,9]. Research in the field of gas-assisted atom-
ization was mostly performed at the laboratory scale. Here, the utilized atomizers were
mainly operated at low liquid and gas mass flows to identify subsequent effects more
clearly [10,11]. After adjustment of the lab-scale atomizer to produce an adequate spray
for the later process, the upscaling step of mass flows toward industrial conditions was
performed empirically in most cases, as discussions on scaling rules in literature are scarce.

Against this background, the present work aims to derive key principles of scaling
regulations from experimental data. The experimental work is focused on the scale-up of the
liquid mass flow of coaxial gas-assisted atomizers with central liquid jets without changes
in droplet size. Typically, dimensionless numbers are used for scale-up [12]. In atomization
literature, several dimensionless numbers, such as gas-to-liquid ratio, momentum flow
and flux ratio, aerodynamic Weber number, Reynolds numbers for gas and liquid phase,
Ohnesorge number as well as nozzle dimension ratios, are used for description of spray
processes. As the increase in liquid mass flow affects dimensionless numbers to a different
extent, an approach that keeps the most common dimensionless numbers constant (Weaero,
GLR) while increasing liquid mass flow and adapting nozzle geometry (dliq, sgas) was
selected for this study.
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2. Theoretical Background

As previously noted, various studies investigated the effects of liquid properties,
nozzle geometries, and operating conditions on the primary jet breakup of coaxial gas-
assisted atomizers (see Figure 1) at lab-scale. In the following, several relevant studies
addressing the atomization of liquid jets with high-velocity gas streams, which describe jet
breakup and parameters influencing spray characteristics, are summarized. A classification
of different primary breakup regimes was performed by Faragò and Chigier for different
nozzle geometries at dliq = 1–1.5 mm [13].

Figure 1. Schematic of a gas-assisted coaxial atomizer with central liquid jet (blue) and annular gas
stream (green).

The jet breakup morphologies were classified using the dimensionless numbers Reliq
and Weaero, in accordance with Equations (1) and (2), in which the liquid jet diameter
dliq, velocity v, density ρ, dynamic viscosity η, and surface tension σ were used for the
calculations. The subscripts gas and liq represent the gas and liquid phase, respectively:

Reliq =
dliq · vliq · ρliq

ηliq
(1)

Weaero =

(
vgas − vliq

)2
· ρgas · dliq

σ
(2)

The Rayleigh-type breakup leads to the disintegration of a liquid jet into large droplets
close to the center line of the spray, and it occurs at Weaero < 25. For 25 < Weaero < 70,
the membrane-type breakup is detected. In this regime, gas-filled membranes near the
nozzle orifice are formed, which disintegrate into small droplets and an accumulated liquid
rim. For Weaero > 100, the fiber-type breakup is divided into two submodes; namely,
pulsating and superpulsating. In the pulsating submode, small fibers are peeled off the
liquid jet near the nozzle orifice, and the liquid jet is atomized into small liquid fragments.
Superpulsating results in droplet number density fluctuations in the resulting spray, while
the liquid jet is atomized immediately after the nozzle discharge [13]. In subsequent
investigations, Lasheras and Hopfinger [14] used the momentum flux ratio j, presented in
Equation (3), to distinguish between the fiber-type breakup submodes:

j =
jgas

jliq
=

v2
gas · ρgas

v2
liq · ρliq

(3)
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As the dynamic viscosity ηliq significantly affects the primary jet breakup, due to
the damping effects of the liquid, investigations on primary jet breakup of high-viscosity
liquids were performed inter alia by Zhao et al. [15] and Sänger et al. [16].

The resulting spray after the primary and secondary breakup is characterized in the
literature concerning influencing parameters such as liquid properties, nozzle geometry,
and operating conditions. Most investigations of liquid properties regarding spray forma-
tion have focused on changes in liquid viscosity by either the application of Newtonian
liquids [17] or shear-thinning fuels [18–21] at increased viscosities. A common result when
utilizing high-viscosity liquids is an increased droplet size, primary ligament length, and
spray angle. Wachter et al. [22] performed investigations intended to specify the influence
of particles on the resulting droplet size by comparing pure liquids and suspensions at
constant viscosity. An increase in droplet size was reported in the presence of particles,
which could be explained by the tensile strength approach reported by Mulhem et al. and
Capes [23,24].

The effect of nozzle geometry on the resulting droplet size can be structured in studies
of liquid jet diameter, gas gap width, gas/liquid wall thickness, and gas channel an-
gle. Liquid jet diameter between dliq = 2–17 mm at Agas = 248 mm2 was investigated by
Liu et al. [25], which revealed a nonmonotonic trend on the resulting droplet size with a
minimum that moves for small GLR ≈ 0.27, from dliq = 2 mm to dliq = 10 mm at GLR = 5.48.
Kumar et al. [26] performed atomization experiments with dliq = 4/6/8 mm and constant
dgas = 15 mm. The investigations focused on the instability frequencies, primary breakup
morphology, and ligament length. By comparing the results at constant j = 2.8 and
decreasing J (see Equation (4)), a significant increase in the primary breakup length was
identified [26]:

J =
Jgas

Jliq
=

v2
gas · ρgas · Agas

v2
liq · ρliq · Aliq

(4)

The effect of an increase in the gas gap width from sgas = 0.6–2 mm was investigated
by Wachter et al. [27], which led to a decrease in the droplet size, and was explained by the
free jet theory and Equation (5), with equivalent diameters of the gas orifice deq and axial
distance z [28]:

v(z)
vgas

= 6.37 ·
deq

z
·
√

ρ0

ρ
(5)

According to this theory, for increased gas gap width, the velocity of the gas phase
exiting the nozzle orifice remains high over a longer distance, due to the decreased gas
mass flow entrainment of the surrounding gas phase [28]. This effect results in a longer and
more intense interaction between gas and liquid phase, which results in smaller droplet
size. Tian et al. [29] conducted investigations concerning the gas/liquid wall thickness.
For increasing wall thickness, the interaction point between the emerging phases was
shifted to a higher distance from the nozzle orifice, which results in a recirculation zone [29]
and enhances the formation of flapping instabilities [30]. The effect of an increase in the gas
channel angle was analyzed by several authors, leading to the conclusion that aerodynamic
forces are enhanced and droplet size is reduced for low gas velocities [31–33].

Variations in operating conditions and exiting velocities (mostly Ṁgas and correspond-
ing vgas) were extensively addressed in the literature by GLR variations (see (6)):

GLR =
Ṁgas

Ṁliq
(6)

For increasing gas velocity or gas mass flow, a decrease in the resulting droplet size
was detected by many authors for a variety of different liquid properties and nozzle
geometries [34–37]. At high gas velocities, the effect of further gas velocity increments on
droplet size decreases. According to Lefebvre [8], an increase in the liquid jet velocity or
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liquid mass flow-applying one nozzle-leads to an increase in the resulting droplet size,
mostly due to a decrease in the relative velocity between the two emerging phases.

Even though there are many studies that deal with the effects of single parameters on
the atomization process and spray characteristics, literature focusing on nozzle scaling is
scarce. Leroux et al. [10] considered the effects of nozzle scaling for three primary jet thick-
nesses dliq = 0.4/1/2 mm and gas gap widths dgas = 3.5/6/8 mm. The authors choose the
approach of comparing nozzles of different primary jet thickness with a constant Reliq and
momentum flow ratio J (see Equation (4)) with respect to the primary breakup morphology.
For constant dimensionless parameters, different breakup morphology was detected, as the
application of a small dliq led to prompt atomization, whereas a large dliq resulted in long
primary ligaments and large droplets [10]. In a second study, Leroux et al. [11] performed
droplet size measurements, and concluded, that droplet size is most affected by the primary
breakup morphology. A scaling rule, concerning nozzle geometry or process parameters,
for increased liquid mass flows, leading to constant droplet sizes for variable liquid mass
flows, was not specified.

The literature review reveals that many investigations were performed at lab-scale,
concerning the influence of specific parameters as liquid properties, nozzle geometry, and
operating conditions on primary jet breakup or resulting droplet size. In contrast, for nozzle
scaling towards increased liquid mass flows, only a few studies were published, but no
scaling rules were established. To reduce this knowledge gap in the domain of nozzle
scaling, the present study focuses on liquid mass flow scaling. The first set of experiments
was performed with one nozzle that was applied at high gas velocity while increasing the
liquid mass flow. Thereafter, experiments keeping Weaero constant were conducted, as this
dimensionless number is most relevant in the field of atomization and was also used for
morphology characterization [13]. Therefore, the following three steps were applied:

• The liquid velocity vliq was kept constant for increasing Ṁliq, which requires an
increase in dliq;

• GLR was kept constant, which requires in an increase in Ṁgas for increasing Ṁliq;
• Weaero was kept constant, which requires a decrease in vgas for increasing dliq

The experiments were conducted at Ṁliq = 20/50/100/500 kg·h−1 and Weaero = 250/500
/750/1000.

3. Experimental Setup

As the experiments were carried out over a wide range of liquid mass flows
(Ṁliq = 20–500 kg·h−1), two different spray test rigs were employed. The ATMOspheric
spray test rig (ATMO), which is described in detail in Wachter et al. [38], was utilized for
liquid mass flows at the lab-scale between Ṁliq = 20–100 kg·h−1.

The burner test rig (BTR), which is shown in Figure 2, was applied for the investigation
of the nozzles featuring liquid mass flows on the industrial scale of Ṁliq = 500 kg·h−1.

The nozzle was mounted on a twin-fluid lance, that was supplied with liquids from
a storage tank. The liquid mass flow was adjusted by a Coriolis mass flow and den-
sity meter and pumped through an eccentric screw pump with a mass flow range of
Ṁliq = 400–1300 kg·h−1. Pressurized gas was provided by a screw compressor with a 5 m3

pressure vessel at psys = 11 bar. The measurement and regulation of the gas mass flow
(Ṁgas = 50–400 kg·h−1) was performed by a hot wire anemometer with a coupled valve.

The nozzle dimensions are given in Table 1. As the central tube thickness between
liquid and gas phase b has a significant influence on the resulting spray [26], b was reduced
to a minimum size of b = 0.1 mm. According to Tian et al. [29], b has to be minimized to
avoid disturbances at the exit of the nozzle. To enable a comparison with earlier studies, all
applied nozzles feature parallel flow channels of the gas and liquid phase.
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Figure 2. Schematic of experimental setup—Burner Test Rig (BTR).

Table 1. Dimensions of applied atomizers at nozzle orifice for vliq = 1.7 m·s−1.

Nozzle Number Ṁliq in kg·h−1 dliq in mm b in mm dgas in mm

N1 20 2.0 0.1 5.3
N2 50 3.2 0.1 9.2
N3 100 4.5 0.1 14.1
N4 500 10.0 0.1 37.3

Water was used at T = 20 ◦C and psys = 1 bar, with ηliq = 1 mPa·s, σ = 0.0719 N·m−1

and ρliq = 998 kg·m−3.
For the detection of primary jet breakup and for validation of the droplet size results,

a high-speed camera was used in all experiments. An appropriate illumination of the
images was achieved by a 9 × 4500 lm light-emitting diodes (LED) array in a backlight
configuration. For every operating condition, a set of 2000 images was recorded near the
nozzle orifice, as well as in the measuring plane of the phase Doppler anemometer to
guarantee a high-quality data base. The camera enabled images with 1 megapixel at a
3600 Hz frame rate. A more detailed description of the setup is given in [22].

At the industrial scale, the high-speed camera was also used to investigate the droplet
size distribution. For each operating condition, 2000 images in the measurement plane
were recorded, whereas every 20th image was applied for the droplet size calculation to
avoid the double determination of droplets. The calculation was performed by means of
an algorithm with a global threshold method by Otsu [39]. Out of 100 images, at least
29,000 droplets were analyzed per operating condition, achieving a reliable data base [40].
The lowest detectable droplet size was ddrop = 225 µm, which equaled three pixels in
the high-speed camera sensor. As the droplet size at the industrial scale was expected
to be significantly above the measurement limitation, the resolution was considered to
be sufficient.

For spray characterization at the lab-scale, a fiber phase Doppler anemometer (PDA)
with a SprayExplorer was utilized in a forward scattering arrangement (first-order refrac-
tion) to investigate the droplet diameter locally. The settings of the setup were optimized in
accordance with [41], which led to a measuring range of droplet diameter from 2–1357 µm
for water, respectively [42]. The settings, evaluated by means of a sensitivity analysis
adapted from Kapulla et al. [43], are presented in Table 2.
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Table 2. Evaluated settings of fiber PDA for application in labscale experiments.

Parameters Values Unit

Transmitter focal length fT 1000 mm
Receiver focal length fR 1000 mm
Beam expander ratio E 1 -
Receiver slit width (physical) lS 200 µm
Laser wavelength λL 561 nm
Laser power (transmitter exit) 40 mW
Off-axis angle ΦR 70 ◦

Frequency shift 80 MHz

For each operating condition, radial measurements of droplet size and velocity were
performed between−30 mm ≤ x ≤ 30 mm with ∆x = 2–4 mm. To ensure high-quality data
sets, radial measurements were conducted three times (with one full profile for a symmetry
check and two mirrored profiles from the spray boundary to the spray center after symmetry
was proved). At each radial position, a measurement of 50,000 droplets or for the duration
of 60 s was applied. The toolbox SprayCAT utilized the calculation of arithmetic means as
the mass-weighted integral Sauter mean diameter ID32,m in Equation (7):

ID32,m =
∑N

i=1 D3
30,i · ṁi · Ai

∑N
i=1 D2

20,i · ṁi · Ai
(7)

Further information on the computation of the mass flux ṁi, global size distribution,
and size moments are summarized in DIN SPEC 91325 [44] and in Albrecht [42].

4. Results and Discussion

For an illustration of the necessity of liquid mass flow scaling rules, in an initial set
of experiments, nozzle N1 (see Table 1) was operated at varying liquid mass flows of
Ṁliq = 20/35/50 kg·h−1 (i.e., vliq = 1.7/3.1/4.4 m·s−1). The gas mass flow was kept
constant at Ṁgas = 14 kg·h−1 (i.e., Weaero = 1000 and gas velocity vgas ≈ 178 m·s−1).

In a second set of experiments, the four mass flow steps at four different Weaero
values were investigated. The operating conditions and relevant calculated dimensionless
numbers for the respective nozzle are listed in Table 3.

Table 3. Operating conditions and calculated dimensionless numbers.

Nozzle Number Ṁliq in kg·h−1 GLR Weaero vgas in m·s−1 j J

N1 20 0.36 250 88 2.99 29.80
N2 50 0.36 250 70 1.98 24.27
N3 100 0.36 250 59 1.38 20.23
N4 500 0.36 250 40 0.62 13.54
N1 20 0.50 500 124 5.93 41.99
N2 50 0.50 500 98 3.89 33.98
N3 100 0.50 500 83 2.73 28.46
N4 500 0.50 500 56 1.21 18.96
N1 20 0.61 750 151 8.80 51.13
N2 50 0.61 750 120 5.83 41.61
N3 100 0.61 750 101 4.04 34.63
N4 500 0.61 750 68 1.78 23.03
N1 20 0.70 1000 174 11.68 58.92
N2 50 0.70 1000 138 7.71 47.85
N3 100 0.70 1000 117 5.42 40.11
N4 500 0.70 1000 79 2.41 26.75
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4.1. Significance of Liquid Mass Flow Scaling Rules

Figure 3 depicts the effect of an increase in the liquid mass flow on the resulting droplet
size as a radial distribution (left) and high-speed camera images (right) while operating
nozzle N1.

Figure 3. Radial distribution of Sauter mean diameter (left) and high-speed camera images at
z = 130 mm (right) utilizing nozzle N1 at Ṁgas = 14 kg·h−1, Weaero = 1000 applying
Ṁliq = 20/35/50 kg·h−1.

As expected, for an increment in the liquid mass flow Ṁliq, the Sauter mean diam-
eter is increased significantly over the entire measured radial distribution. In particular,
an increasing droplet size was detected near the centerline of the spray. The high-speed
camera images shown in Figure 3 (right) underpin the results of the quantitative measure-
ment technique, as the centerline of the spray reveals a huge quantity of large droplets at
high liquid mass flows, even though a high gas velocity of vgas ≈ 178 m·s−1 is applied.
The remaining large liquid droplets originate from the incomplete primary breakup of the
liquid jet near the nozzle orifice, due to the insufficiently high aerodynamic forces of the gas
phase [17]. To reduce the droplet size for high liquid mass flow, two different approaches
can be selected: (i) increasing the gas velocity up to sonic speed for a constant nozzle
geometry; or (ii) adaptation of the nozzle geometry without significant further increase in
gas velocity. The first approach is limited by sonic speed. Additionally, relevant process
conditions, e.g., reaction zone position, residence time, and flow field should not be affected
by nozzle scaling to guarantee reliable process operation. Beyond that, the effect of gas
velocity on resulting droplet size levels off with increasing gas velocity [9,45].

Those drawbacks can be avoided over a large range of liquid mass flow rates by
adapting the nozzle geometry, as described in Section 2.

4.2. Evaluation of the Relevant Measurement Position for Coaxial Nozzles

To estimate the ideal measurement position for droplet size detection, primary breakup
was investigated using high-speed camera images. When performing droplet size measure-
ments, the measurement plane must fulfill various criteria: (i) the secondary breakup of
liquid droplets and fragments must be completed; (ii) droplets must be spherical, which
enables the application of quantitative measurement techniques such as PDA; and (iii)
droplet number density must be adequate to minimize measurement errors via shading
and the Gaussian beam effect from consideration [42]. As shown in Figure 4, these cri-
teria were fulfilled for Ṁliq = 20 kg·h−1 and also for the lowest investigated Weaero at
z = 130 mm. For increasing Weaero the atomization process was even finished at lower z
values. In contrast to this, the primary breakup of the nozzle N4 at Ṁliq = 500 kg·h−1

and Weaero = 250 reveals that at z = 130 mm, none of the mentioned criteria is achieved,
as the primary breakup length in particular significantly increases with increasing liquid
mass flow. To guarantee the best possible comparability of the data, the measurement plane
was chosen based on the theory of similarity at constant dimensionless ratio z/deq based
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on the equivalent diameter deq of free jet theory [46]. This method is commonly applied
for gas flame length calculation and is based on momentum conservation, as described
in further detail in Hotz et al. [47]. Here, this concept was utilized for two phase free jets
emerging from coaxial atomizers, where the equivalent diameter deq was calculated using
Equation (8) for each nozzle:

deq =

√
4 · Agas

π
(8)

For nozzle N1 operated at Ṁliq = 20 kg·h−1, the measurement plane was set to
z = 130 mm, which represents z/deq = 26. The application of nozzles N2–N4, which
have higher deq values, leads to a constant z/deq = 26 in measurement positions of
z = 220/340/930 mm. The verification of this concept was performed with high-speed
camera images, which revealed that all of the mentioned criteria for measurement positions
were fulfilled for the respective measurement plane. As an example, the measurement plane
of nozzle N4 is shown in Figure 4, when applying Ṁliq = 500 kg·h−1 at Weaero = 250.

Figure 4. High-speed camera images of primary breakup at Weaero = 250 at varying liquid mass
flows and different axial positions z = 0, 130, 930 mm.

Following the evaluation of the concrete measurement positions for each nozzle,
measurement techniques were applied to detect the resulting droplet sizes as described in
Section 4.3.

Finally, for all liquid mass flows Ṁliq = 20–500 kg·h−1 and Weaero = 250 primary
breakup is always in fiber type mode (see Figure 4), which is characterized by small liquid
fibers that are peeled off the liquid jet, according to [13]. As for further experimental
investigation, Weaero was further increased up to 1000, and primary breakup was in fiber
type for the whole set of experiments.

4.3. Mass Flow Scaling

In the following, all integral results of the experiments listed in Table 3 are presented in
Figure 5 as a function of the liquid mass flow (left) and Weaero (right). The quadratic symbols
represent calculations of the integral mass-weighted Sauter mean diameter according
to Equation (7) derived from radial measurements with PDA. The triangular symbols
represent droplet size based on measurements from high-speed camera analyzed with the
detection routine for droplets described in Section 3.

For an increase in liquid mass flow and constant GLR, an increase in the resulting
droplet size can be detected. This effect can be explained by a decrease in gas velocity,
which leads to lower aerodynamic forces for the atomization of higher liquid mass flows.
In contrast to this, an increase in the Weaero led to a decrease in the droplet size due to the
higher aerodynamic forces available for atomization and increased GLR. As presented in
Figure 5 (right), with increasing Weaero, the effect of Weaero on droplet size is significantly
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decreased. Solely keeping Weaero and GLR constant for liquid mass flow scaling is not
sufficient to achieve a constant resulting droplet size. However, to obtain constant droplet
size of ID32,m = 140 µm, such as between Ṁliq = 20 kg·h−1 and Ṁliq = 100 kg·h−1,
Weaero must be increased by a factor of four, whereas gas velocity needs an increase of about
30%. As previous studies of the authors focused on the gas momentum flow to achieve a
scaling principle for system pressure [27], in the following section, the measurements are
plotted over this parameter.

Figure 5. Integral Sauter mean diameter for varying liquid mass flow (or liquid tube diameter)
(left) and aerodynamic Weber number (or GLR) (right); symbols: � stands for data from PDA,
4 represents data from high-speed camera.

4.4. Empirical Model for Liquid Mass Flow Scaling

To derive a liquid mass flow scaling principle for gas-assisted coaxial nozzles, the droplet
size results were plotted over the gas momentum flow Jgas as presented in Figure 6 (left).

Figure 6. Integral Sauter mean diameter for varying gas momentum flow as symbols for measure-
ments and lines as calculation of proposed scaling model (left); parity plot for deviation observation
between measured and calculated droplet sizes via proposed model (right). Symbols: � stands for
data from PDA;4 represents data from high-speed camera.

The diagram shows that for an increase in the liquid mass flow, an offset in droplet
size to higher values occurs. This implies that achieving a constant droplet size with an
increased liquid mass flow requires increased gas momentum flows. The gas momentum
flow is defined by the factors of gas velocity, gas density, and the gas orifice area of the
nozzle. As gas density is a typical process condition, a potential nozzle scaling approach
must enable the calculation of the gas velocity and gas orifice area. With this objective for a
liquid mass flow scaling approach, a potential fit with the dependence of Ṁliq and Jgas was
selected, according to Equation (9), due to the shape of the Sauter mean diameter plots.
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ID32,m = A
(

Ṁliq

)
· e
− Jgas

B(Ṁliq) + C
(

Ṁliq

)
(9)

For varying liquid mass flows Ṁliq, three mass flow dependent parameters A, B,
and C were applied and correlated via the least-square method. The dependence on
liquid mass flows was kept linear to maintain the model’s simplicity, as is reflected in
Equations (10)–(12):

A
(

Ṁliq

)
= 4.6 · Ṁliq + 91 (10)

B
(

Ṁliq

)
= 0.006 · Ṁliq + 0.03 (11)

C
(

Ṁliq

)
= 0.67 · Ṁliq + 45 (12)

The parity plot in Figure 6 (right) depicts the accuracy of the model, as the mea-
sured and calculated droplet sizes are compared. For all measurement conditions, good
agreement between the measured and calculated values was achieved. The maximum
percentage deviation with 13.2% (∆D32 = 17.6 µm) was observed at Ṁliq = 100 kg·h−1

and Weaero = 250. In contrast, the maximum deviation in absolute droplet size was
∆D32 = 55.5 µm (3.3%) at Ṁliq = 500 kg·h−1 and Weaero = 250.

Thus, the model approach presented in Equation (9) is considered adequate for
the mass flow scaling of gas-assisted nozzles with central liquid jets in the range of
Ṁliq = 20–500 kg·h−1 for vliq = 1.7 m·s−1.

The principle must be applied as follows: (i) using Equation (9), the applied liquid
mass flow, requested droplet size, and necessary gas momentum flow can all be calculated;
(ii) GLR must be specified as process condition and gas mass flow calculation; (iii) as the
liquid velocity remained constant in the investigation, the liquid tube diameter can be
determined; and (iv) with the definition of the gas mass and momentum flows, the gas
velocity and gas gap width are provided.

5. Conclusions

This study aims to lay the groundwork for liquid mass flow scaling of gas-assisted
coaxial atomizers. An approach that keeps the most relevant dimensionless parameters
constant (Weaero, GLR) was chosen. Four liquid mass flow steps (20/50/100/500 kg·h−1),
each operated at Weaero = 250/500/750/1000, were investigated in terms of spray quality
(D32, ID32,m) and primary breakup. For each liquid mass flow, a specific nozzle was
designed. A high-speed camera as well as a phase Doppler anemometer were utilized for
spray investigation. The following conclusions can be drawn:

1. Comparable measurement planes for varying liquid mass flows based on the free jet
theory were determined;

2. An increase in liquid mass flow led to an increase in droplet size while keeping Weaero
and GLR constant;

3. An increase in Weaero led to a reduction in droplet size at constant liquid mass flow;
4. An empirical model for liquid mass flow scale-up of gas-assisted coaxial nozzles was

derived, based on gas momentum flow Jgas.
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