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The present study investigates the influence of system pressure, gas velocity, and annular gas gap width on the
resulting droplet size. Three external-mixing twin-fluid atomizers are operated at a constant liquid mass flow.
The nozzle geometry is kept similar, except that the annular gas gap width is changed. At every system pressure
level (1 — 21 bar), three different gas velocities were investigated by changing the gas mass flow. High-speed
camera images are used for observation of primary breakup and discussed with regard to local measurements of

droplet size performed by a phase Doppler anemometer. The gas momentum flux as well as the gas momentum
flow were applied to describe the atomization process under varying operating conditions. Finally, an empirical
model is derived, enabling the system pressure scaling of external-mixing twin-fluid atomizers for the range of
gas momentum flow under investigation.

1. Introduction

Spray processes are often utilized in industrial production; however,
the influence of process conditions on atomization is not yet fully un-
derstood. In particular, limited literature is available on twin-fluid atom-
ization at increased system pressure that is commonly applied in high-
pressure entrained flow gasifiers (EFGs). These large-scale energy con-
version systems can play a key role in future resource and energy supply.
In EFGs, highly viscous liquid or suspension fuels with complex flow be-
havior (e.g., non-Newtonian) are typically atomized at elevated system
pressures (in the range of 40-80 bar) [1]. Oxygen and steam serve as
atomization media to guarantee high-quality syngas. Using oxygen as
a gasification agent and at the same time as atomization agent, leads
to a coupling of process stoichiometry and nozzle operating conditions
with respect to the gas-to-liquid mass flow ratio (GLR). Based on the low
stoichiometry required for the gasification reaction, the burner nozzle
must be operated at GLR < 1 [2,3]. For the optimization of the atomiza-
tion process under relevant conditions for EFG and scale-up of burner
nozzles, it is essential to gain fundamental knowledge concerning atom-
ization behavior at high system pressures [4].

In this study, the influence of gas velocity, system pressure, and noz-
zle geometry on spray formation is investigated for varying GLRs, con-
cerning droplet size and jet breakup. The study aims to develop a sys-
tem pressure scaling approach for external-mixing, twin-fluid atomizers
based on gas momentum flow.

Many investigations concerning primary breakup and resulting spray
quality in terms of Sauter mean diameter at atmospheric system pressure
are reported in the literature by Marmottant and Villermaux [5], Hede
etal. [6] and Farago and Chigier [7] applying coaxial gas-assisted atom-
izers. A morphological study on primary jet breakup was performed by
Farago and Chigier [7] for water applying different nozzle geometries.
As a result, the different breakup regimes were classified with regard to
Rej;q and We,,, as per Egs. (1) and (2):
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with liquid jet diameter (Dy;o), velocity (v), density (pp), dynamic viscos-
ity (n), and surface tension (o) as relevant process parameters. The sub-
scripts gas and lig denote the gas and liquid phases, respectively. For in-
creasing We,.,,, the primary breakup regimes of a liquid jet change from
Rayleigh-type breakup to membrane-type breakup and finally fiber-type
breakup. The latter can be devided into the submodes pulsating and su-
perpulsating as described in detail by Farago and Chigier [7]. The effect
of dynamic pressure ratio (in the following called momentum flux ratio)
of the gas and liquid phase, according to Eq. (3), was added in a later
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investigation by Lasheras and Hopfinger [8].
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As the nozzle geometry and gas density were kept constant in the
investigations by Lasheras and Hopfinger [8], the results on the primary
breakup length and spray angle were assigned only on the basis of the
momentum flux ratio, which is therefore only a function of the gas phase
velocity. Moreover, the momentum flow ratio as outlined in Eq. (4), is
often used for spray characterization [9-12].
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Typically, investigations of twin-fluid atomization explain the influ-
ence of gas velocity on the primary breakup and droplet size distribu-
tion by changing the gas mass flow and thereby, the GLR. The increase
in gas velocity generally leads to a decrease in droplet size across the
entire spray cone [13,14] due to an increase in the aerodynamic forces.
The influence of the gas velocity and GLR on the droplet size decreases
at GLR >> 1, as reported by many researchers [15-17].

Several authors have studied the influence of system pressure on the
resulting spray with respect to droplet size [18-23]. Reducing the liter-
ature overview on publications, which aim for the scaling of twin-fluid
atomizers yields the following. Jakobs et al. [24] investigated the in-
fluence of the absolute system pressure on the resulting droplet size of
a water spray between a py,, = 1 — 21 bar for one nozzle at constant
We,.ro- To achieve a constant aerodynamic Weber number with increas-
ing system pressure (i.., pg,s), the gas velocity at the nozzle orifice was
reduced. This led to an increase in the droplet size at higher system
pressures and constant We,.,, and thus to the conclusion that the gas
velocity is an essential parameter in the scaling of twin-fluid atomizers.
Continuing these experiments, Sanger et al. [25] investigated the influ-
ence of system pressures between pg, = 1-21 bar at constant gas veloc-
ity and different liquid viscosities (n;;; = 1-400 mPaes) by applying one
nozzle. Here, with increasing system pressure, the gas mass flow (i.e.,
GLR) was increased to keep the gas velocity constant. This approach led
to a finer spray i.e., decreased droplet size with increase in the system
pressure, owing to the increase in the aerodynamic forces. Additionally,
for increasing jg,,, different dependencies of the resulting droplet size
on system pressure and gas velocity were detected at nj;q = 100 mPas.
Sénger [26] explained this by the influence of different induced liquid
instabilities on the corresponding primary breakup morphology. To in-
vestigate the influence of system pressure at constant GLR, gas mass
flow, and gas velocity, Wachter et al. [27] performed experiments at
DPsys = 1-16 bar using pressure adapted twin-fluid atomizers. To increase
the system pressure, the annular gap width (sg,s = 0.35-2.88 mm) was
reduced to achieve constant operating conditions with respect to gas and
liquid velocities and mass flows at the nozzle orifice, independent of the
system pressure. As a result, for low system pressures (pgy, < 6 bar), a
slight decrease in droplet size was detected owing to the higher aero-
dynamic forces. For higher system pressures, a sharp increase in the
resulting droplet size was detected. The small gas gap width resulted
in a fast deceleration of the gas phase, even close to the nozzle orifice,
due to the entrainment of the gas phase. This investigation revealed the
significant influence of the gas gap width on the resulting droplet size.

Further qualitative investigations of changes in the gas gap width
Sgas Were performed by Zhao et al. [28] at atmospheric system pressure
in the range of sg,g = 1.9-10 mm and j = 0.01-620 using a high-speed
camera. As a result, the authors represented a breakup regime classifica-
tion depending on a modified momentum flux ratio j,, and aerodynamic
Weber number We_,, as shown in Egs. (5) and (6), below.
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Leroux et al. [29,30] published research on the scaling of twin-fluid
atomizers at atmospheric system pressure. These investigations were
categorized into the nozzle nearfield (dense core zone) [29] and noz-
zle farfield (diluted zone) [30]. Applying several twin-fluid atomizers,
the liquid jet diameter was varied between Dy, = 0.4-2 mm and the
gas gap width between sg,; = 0.25-3.5 mm. Investigations of the dense
core zone of the liquid jet were performed with a shadowgraph system
to determine the breakup regimes as per Lasheras et al. [8] and correla-
tions for the liquid core length and spray angle were derived depending
on the momentum flux ratio j. The measurements led to the conclusion
that the liquid core length is not a function of the spray regime and
decreases with increasing momentum flux ratio. In contrast, the spray
angle depends on the spray regime. The angle first increases within the
fiber-type pulsating submode, whereas a further increase in j leads to
a decrease within the superpulsation submode [29]. Measurements of
droplet size distributions in the diluted spray zone were performed with
a Phase Doppler Analyzer (PDA) at different axial positions (z = 14, 42,
and 140 mm) and radially from —20 mm < x < 20 mm. As a result,
two correlations for the pulsating and superpulsating submodes are pre-
sented, leading to the conclusion that the droplet size increases as Dyjq
increases and decreases with higher v,,; [30]. An approach considering
increased mass flows, for twin-fluid atomizer scaling was not outlined.

As the literature review shows, no scaling approach considering in-
creased system pressure for twin-fluid nozzles has been reported by pre-
vious investigations. Furthermore, empirical correlations for the calcu-
lation of the resulting droplet size at increased system pressure for varia-
tions in the parameters forming J,,; have not been derived. In summary
as per past research, the gas velocity at the nozzle orifice and the gas
orifice area (i.e., the gas gap width) have a distinct influence on the
resulting droplet size of twin-fluid atomizers.

Therefore, this work investigates the influence of gas velocity, sys-
tem pressure, and gas gap width on spray formation. A high-speed cam-
era was used to detect the primary breakup and PDA for measuring
the local droplet velocity and size. Three different nozzles with a con-
stant liquid jet diameter but varying gas gap widths were operated at
increased system pressure and constant gas velocity. To achieve a con-
stant gas velocity with increasing system pressure, the gas mass flow was
increased. Experiments were performed with three different gas veloci-
ties at each system pressure level. An empirical model for the calculation
of the resulting droplet size at varying system pressure, depending on
fitting parameters and gas momentum flow J,,; was developed based
on the experimental results. This model allows for the system pressure
scaling of twin-fluid atomizers in the investigated range of Jyy.

2. Experimental setup

As described by Wachter et al. [27], the experimental setup consists
of the pressurized atomization test rig (PAT), a PDA and a high-speed
camera. Three external-mixing twin-fluid atomizers having identical liq-
uid orifice area, but different gas orifice area (varying gas gap width)
were used to atomize water with pressurized air.

A schematic and a horizontal cross-sectional view (A-A) of the PAT
spray test rig with an exhaust air system is shown in Fig. 1. The pres-
sure chamber has an internal diameter of 300 mm and a total height
of 3000 mm. It is designed for operation at system pressures up to
Psys = 21 bar. The external-mixing twin-fluid atomizer is mounted on
the axially (z-direction) movable twin-fluid lance, which is fed by one
of the two eccentric screw pumps with liquids featuring viscosities up
to njq = 1000 mPas. The liquid mass flow can be controlled in the
range of P1: My, = 10-60 kg-h~! / P2: Mj;q = 60-200 kg'h~! using dif-
ferent screw pumps. The liquid mass flow and density were measured
using a Coriolis flow meter with an uncertainty of < 0.5%. The com-
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Fig. 1. Schematic of the experimental setup —
Pressurized Atomization Test Rig (PAT).

Heat exchanger

Circulation pump

pressed air volume flow V., was measured by a turbine meter with a
measuring range of Vg, = 0.85-25 m>-h~! and uncertainty of < 0.5%.
A recalculation of the volume to the mass flow was performed using the
measured local gas temperature and pressure at the turbine. To ensure
well-defined nozzle inlet conditions, the liquid temperature can be ad-
justed in the range of T = 10-50 °C. The test rig is equipped with three
high-quality glass windows that allow for optical access to the spray
chamber. Two optical ports are located at @z = 0° and 70° to enable
Phase Doppler measurements in scattering mode with the highest inten-
sity (first-order refraction) [31]. The third optical port is positioned at
@ =180° to allow for spray investigations in backlight mode with opti-
cal measurement system. A flow straightener (honeycomb structure) is
located below the measuring plane to avoid influences on the measure-
ment owing to the recirculation of droplets into the region of interest.

All investigations were conducted with 3 external-mixing twin-fluid
nozzles, as shown in Fig. 2. The liquid (blue) was supplied through a cir-
cular central tube (Dy;q = 2 mm) at the nozzle axis. Dy;q was kept constant
for all nozzles. The liquid jet was surrounded by a coaxial gas stream
(green), the width of the gas gap was adjusted between s,,; = 0.6
2.0 mm, as listed in Table 1. The nozzle has parallel flow channels in
order to avoid disturbance of the liquid jet owing to the gas flow angle
and turbulence effects. In addition, the influence of the tube separating
the gas and liquid at the nozzle orifice was minimized by reducing the
wall thickness b to 0.1 mm. This configuration results in an undisturbed
gas flow at the exit of the nozzle [32].

Table 1
Nozzle data (Nozzle 1-3) with similar geometry and varying gas
gap widths sg,q.

. . . . 2
Dj;q in mm Sgas IN MM Dy inmm A, in mm

Nozzle 1 2.00 2.00 6.20 26.42
Nozzle 2 2.00 1.20 4.60 13.02
Nozzle 3 2.00 0.60 3.40 5.25

A high-speed camera for the qualitative observation of the primary
breakup of the liquid jet was utilized in the nozzle nearfield. The cam-
era features a frame rate of 3.6 kHz operation at 1024 x 1024-pixel
resolution and frame rates of up to 500 kHz at reduced resolution. A
lens with a focal length of fi;; = 105 mm was used to capture primary
breakup morphologies. In this study, the frame rate was set to 7.5 kHz
at a reduced resolution of 768 x 640 pixel. Thus, the images have di-
mensions of 41.4 x 34.4 mm? with a spatial resolution of 54 ym-pix~1.
The images were captured through backlight illumination of the region
of interest with a special lighting setup. An array of 9 high-power light-
emitting diodes (LEDs) with a total luminous flux of 9 x 4500 Im was
used. The position of each single LED within the LED array was opti-
mized to achieve the best possible light distribution. Owing to the high
intensity and homogeneous distribution of the light, very short expo-
sure times (tzy, ~ 7 ps) were employed. This light setup allowed for a
sharp representation of droplets even at fast flow conditions. To ensure
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X Fig. 2. Scheme of the external-mixing twin-
z=0-42mm fluid nozzle.

(HSC)

Settings of the fiber PDA evaluated by the sensitivity analysis.

Parameters Values Unit  Parameters Values Unit
Transmitter focal length f; 1000 mm  Laser wavelength A 561 nm
Receiver focal length fy 1000 mm  Laser power (transmitter exit) 40 mWwW
Beam expander ratio E 1 - Off-axis angle ®y 70 °
Receiver slit width (physical) Ig 200 pm Frequency shift f, 80 MHz

appropriate recording of representative data of the liquid disintegration
process, a set of at least 2000 high-speed images was recorded at every
operating condition along with a background reference image without
liquid flow.

For the observation of single droplets within the spray at z = 200 mm
from the nozzle orifice, also the high-speed camera was applied. In ad-
dition, the same camera was used: (i) to optimize the PDA hardware
settings (receiver mask); (ii) for sphericity check of the droplets in the
measuring plane to ensure reliable PDA data; (iii) to qualitatively con-
firm the tendencies measured by the PDA; and (iv) as a validation tool
for the PDA data in order to eliminate deviations arising out of the Gaus-
sian beam effect [33]. For the detection of droplets across the entire
spray cone, 10 000 images were recorded over the radial measurement
area x = + 44 mm at z = 200 mm downstream of the nozzle orifice in
the measuring plane. The largest measurement error concerning droplet
size was Ad;, < 30 pm. Because the droplet measurement with the high-
speed camera setup was only used for qualitative investigations of large
droplets, the accuracy was considered to be adequate. Droplets without
detectable contours were rejected from recording.

The droplet size and velocity were measured at a high spatial
and temporal resolution within the spray cone using a fiber PDA and
SprayExplorer system by Dantec Dynamics. For data collection, the PDA
was operated in a forward scattering arrangement and refraction mode
(1%t order). The receiver was set to off-axis angle of @y = 70°. A slit with
a length of Ig = 200 pm was used in order to (i) obtain a well-defined de-
tection volume dimension; (ii) ensure high data rates under dense spray
conditions; and (iii) to enable flux calculation. To guarantee the detec-
tion of large droplets and minimize sizing errors due to the Gaussian
beam effect, lenses with a focal length of 1000 mm were used for both
transmitter f; and receiver f [33]. In addition, the asymmetric Mask
B was chosen for the receiver to eliminate possible measurement errors
due to the Gaussian beam effect (trajectory effect). With this optical
configuration, the PDA system allows for the detection of water droplets
with a minimum size of 1 pm and maximum size of 1357 pm [31]. To
improve the PDA instrument settings with respect to small droplets (e.g.,
data rate and validation rate), the optimum PDA user settings were eval-
uated in advance by a sensitivity study [34]. The final PDA settings are
displayed in Table 2.

To enable drop size measurements at different positions within the
spray cone, a receiver and transmitter were mounted on a 3D traverse
system, which guarantees spatial reproducibility of < 0.1 mm. Data were
obtained by moving the detection volume relative to the nozzle posi-
tion. The measurements were taken at several radial (traverse along the
x-axis) positions with a radial increment of Ax = 2-4 mm, depending
on the position in the spray. The axial droplet velocity component v,
was measured using the orientation of the coordinate system, as indi-
cated in Fig. 2, and the alignment of the fringes of the laser beam couple
(A, =561 nm - yellow). To ensure a reliable database for every radial po-
sition during the PDA measurements, the sample size was set to 50 000
droplets. For the outermost radial measuring position, a sample size of
50 000 droplets was not reached under all operating conditions. Nev-
ertheless, at least 5000 droplets were detected at the boundary of the
spray cone, which is still a statistically reliable number [26]. The raw
data from the manufacturer software were used to compute the arith-
metic mean, statistical data, and additional information (i.e., mass flux
and IDs; ,,) using the toolbox SprayCAT [26]. For the global charac-
terization of the spray, a global characteristic diameter was computed
i.e., a mass-weighted integral Sauter mean diameter (IDg, ;) including
all measurement positions of a radial profile, at a fixed axial position
z. The integral Sauter mean diameter ID3, ;,, was calculated according
to Eq. (7) and based on the local volume mean diameter Dso,i and lo-
cal surface mean diameter D, ;. These diameters were weighted by the
local mass flux m; and the annulus area A; (see Fig. 2), corresponding
to the measurement position i along the radial axis x; < x; < xy with
N measurement positions. The outermost point xy for each operating
condition was set to x = + 44 mm.

N )
Zioi Dgo,imiAi

D3 = (@)

Z?I:] D%()’imiAi

Further information regarding the computation of the global size dis-
tribution and drop size moments can be obtained from DIN SPEC 91,325
[35], and Albrecht [31]. The mass flux m; was calculated from the PDA
data according to Albrecht [31], using the SprayCAT toolbox. All PDA
measurements were conducted at an axial distance of z = 200 mm from
the nozzle orifice and repeated at least 3 times. For each operating condi-
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Fig. 3. Radial distribution of the Sauter mean diameter at z = 200 mm with s, = 1.2 mm as a function of the gas velocity at py,, = 1 bar (open symbols denote

mirrored positions); High-speed camera images of primary jet breakup at pgy,, = 1 bar and vg,, = 60 m- s71 (left) / v

Table 3

Operating conditions of the experiments.

Sgas i MM Sgas i MM Sgas i MM

2.0 1.2 0.6

Vg in mrs™! Vg in mrs! Vgys in mrs™!

60 / 80 / 100 60 / 80 / 100 60 / 80 / 100
Psys in bar Mg, in kg-h~! My, in kg-h! My, in kg-h-1
1 6.9/92/115 34 /4556 -
3 20.7 [ 27.6 | 345 102 /135/168 4.1/56/6.9
6 414 /552 /69.0 204/27.0/336 82/11.1/138
1 75.9 / 101.2 | - 37.4 /495616 151204 /253
16 -/ -- 54.4/72.0 | 89.6 21.9/29.6 | 36.8
21 Y. 714 [ 945 | - 28.8 /389 /483

tion and nozzle, the rotational symmetry of the spray cone was checked,
taking a full radial profile in the first set of experiments. After the ro-
tational symmetry was proven, the following repetition measurements
were performed taking half-profiles from the spray edge to the center at
x = 0 mm. The results of these sets of experiments were then mirrored
to obtain full profiles. Therefore, the following figures show all radial
Sauter mean diameter distributions as mirrored profiles at x = 0 mm,
while the plotted and mirrored data points are shown as open symbols.

3. Results and discussion

In order to investigate the influence of (i) gas velocity Vgass (ii) system
pressure pgys and (iii) gas gap width sg,, on primary breakup and result-
ing droplet size at a constant liquid mass flow of Mliq =20 kg'h™1, the
three nozzles described in Table 1 were subjected to three different gas
velocities and six different system pressures. The operating conditions
for all the measurements are presented in Table 3. In all experiments,
pressurized air at T = 20 °C was used as atomization agent. The sup-
plied water was maintained at T = 20 °C. All PDA measurements were
performed at an axial distance of z = 200 mm downstream of the noz-
zle exit. The dashed operation points in Table 3 indicate a spray beyond
the scope of the PDA measuring system because of the detectable droplet
size being out of range and shading effects.

(i) Influence of gas velocity on Sauter mean diameter at constant
system pressure and gas gap width

In this section, the results regarding the influence of the gas velocity
on the local Sauter mean diameter profiles at constant system pressure
and gas gap width are discussed. The gas velocity was changed by vary-
ing the gas mass flow (i.e., GLR). The results for the nozzle with a slit

=100 m's™! (right).

gas

width of sy, = 1.2 mm at a pgy, = 1 bar are shown in Fig. 3 (left). Fur-
thermore, high-speed camera images of primary jet breakup under these
operating conditions are presented in Fig. 3 (right) for vg,; = 60 ms~!
and vg,s = 100 ms~1.

The PDA data in Fig. 3 show that an increase in the gas velocity
(i.e., GLR) leads to a decrease in the Sauter mean diameter. This is in
accordance with the findings reported in the literature [15,36]. This ten-
dency is identified for each system pressure and all the nozzles under
investigation. This can be explained by an increase in the aerodynamic
force of the gas phase (with increasing gas velocity, i.e., GLR), leading
to improved disintegration of the liquid jet and liquid fragments. For
the maximum gas velocity of vg,s = 100 m's~!, the produced spray is
homogeneous (see high-speed camera image in Fig. 3 (right)), which
corresponds to the measured radial profile with small standard devia-
tions. Larger Sauter mean diameters were detected at the spray bound-
ary due to smaller aerodynamic forces in this area. For a low gas velocity
(vgas = 60 m's1), larger fragments even farther downstream from the
nozzle orifice were detected. This results in a radial Ds,-profile with a
higher standard deviation (see Fig. 3 (left)). The effect of gas velocity
on the Sauter mean diameter decreases with increasing system pressure,
owing to the already significantly high aerodynamic forces at increased
system pressure, as discussed in the following section.

(i) Influence of system pressure on Sauter mean diameter at con-
stant gas velocity and gas gap width

This section focuses on the influence of system pressure (i.e., gas
density) on the local Sauter mean diameter profiles at constant gas ve-
locity and gas gap width. The change in system pressure at constant gas
velocity for constant nozzle geometry leads to an increase in the gas
mass flow (i.e., GLR) owing to the higher gas density. The results of the
nozzle with a slit width of sg,; = 1.2 mm at vg,s = 60 m's~! are shown
in Fig. 4 (left). In addition, high-speed camera images of primary jet
breakup under these operating conditions are presented in Fig. 4 (right)
for pgys = 1 bar and pgy, = 21 bar.

An increase in the system pressure at constant gas velocity results
in an increase in the GLR. For sg;s > 1.2 mm and vg,, = 60-100 ms™1,
the increase in the system pressure results in smaller Sauter mean di-
ameters for all radial positions and a more homogeneous spray without
larger droplet size deviations. The system pressure dependency of the
Sauter mean diameter decreases with increasing system pressure until
Psys = 11 bar (sgq = 1.2 mm), which can be seen in Fig. 4 and is consis-
tent with findings reported in the literature [9,18,26]. This dependency
can also be determined for sg,; = 0.6 mm at vg,s = 80-100 m's~! and
as = 2 TM at Vgpo = 60-100 m's™!.

High-speed camera images confirm these measurements, as shown
in Fig. 4. Both operating conditions are in the fiber-type breakup mode,

Sg
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Fig. 5. Mass-weighted integral Sauter mean diameter at z = 200 mm with sg,q

according to [7]. Here, the disintegration at increased system pressure
leads to the formation of a homogeneous spray with an increased droplet
number density. This is caused, due to the higher aerodynamic forces
and increased gas mass flow (i.e., GLR).

For $g,s = 0.6 mm and vg,s = 60 m's™!, only a negligible influence
of the system pressure on the resulting Sauter mean diameter was ob-
served between the Poys = 3-21 bar (Fig. 5 (left)). To gain a deeper
insight, Fig. 5 (right) shows the corresponding high-speed camera im-
ages at pgys = 3 bar and pgy, = 21 bar, which both reveal a fiber-type
breakup. As illustrated, at increased system pressure the formation of
tiny droplets, at the boundary of the spray cone, out of the fibers im-
proves. After the primary breakup, the gas velocity is decelerated ow-
ing to the entrainment of the surrounding gas phase, inhibiting further
breakup via secondary atomization. Therefore, large droplets are de-
tected by the PDA, leading to an almost constant Sauter mean diameter
and only a slight reduction with increasing system pressure for the noz-
zle with sg,, = 0.6 mm and Vg, = 60 m-s~'.

The influence of system pressure on the droplet size for different gas
gap widths shows that with increasing sg,, the plateau of the Sauter
mean diameters is reached at lower system pressures.

One explanation of this finding can be given by the theory of a gas-
free jet. A free jet can be described as a shear flow into free space, where
the gas jet is in contact with quiescent air. Owing to the velocity gra-
dient, surrounding gas entrains the emerging jet, whereby the moving
mass increases in conjunction with a decrease in velocity, while the over-
all momentum is conserved [37].

=1.2mm and s
and v,,, = 80 m* s71; High-speed camera images of the primary jet breakup applying s,

cas = 0.6 mm as a function of the system pressure for vg,, = 60 ms~!
= 0.6 mm and v,,; = 60 m's~! at py,; = 3 bar (left) and p,y = 21 bar (right).

gas

Here, a decrease in the gas orifice area (i.e., sg;) leads to lower val-
ues of the gas velocity at the same distance to the nozzle orifice. This
deceleration in the gas velocity can be explained by the entrainment of
ambient gas into the atomization gas jet emerging from the nozzle, ac-
cording to the free jet theory. This effect was studied in detail for similar
atomizers at various Sgas values by Wachter et al. [27]. Additionally, the
gas mass flow (i.e., GLR) is increased for wider gas gaps to keep the gas
velocity constant, enhancing the previously discussed effect.

(iii) Influence of gas gap width on Sauter mean diameter at constant
gas velocity and system pressure

In this section, the influence of the gas gap width on the local Sauter
mean diameter profiles at constant gas velocity and system pressure is
discussed. Increasing the gas gap width at constant gas velocity results
in an increase in the gas mass flow (i.e., GLR) owing to the larger gas
orifice area. The results of all three nozzles (sgas =0.6/1.2/2.0mm)
for vg,s = 80 m's~! and Psys = 3 bar are shown in Fig. 6. In addition,
high-speed camera images are also presented in Fig. 6 for sg,; = 0.6 mm
(left) and Sgas = 2.0 mm (right).

As illustrated in Fig. 6 for pg,s = 3 bar and vg,s = 80 mes~!, an in-
crease in the gas gap width (i.e., GLR) at a constant gas velocity and sys-
tem pressure leads to a decrease in the Sauter mean diameter. A similar
dependency was detected under all operating conditions investigated in
this study. This can be explained by two effects: (i) for wider gas gaps,
the gas phase emerging from the nozzle remains at a higher velocity
over a longer distance from the nozzle orifice in accordance with the
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Fig. 8. High-speed camera images of the primary jet breakup applying sg,; = 1.2 mm at py,, = 1 bar and vg,, = 60 ms~! (left), Psys = 1 bar and vg,, = 100 ms™!
(middle) and pyy; = 3 bar and v,,; = 60 m's™" (right).
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free-jet theory; (ii) a higher gas mass flow leads to a higher aerody-
namic force being available for the disintegration of the liquid jet. The
discussed dependency is qualitatively proven by the high-speed cam-
era images presented in Fig. 6 (right). The high deviations in the local
Sauter mean diameter at sg,s = 0.6 mm can be explained by compara-
bly large droplets across the entire spray cone. In contrast, the small
deviations in the local Sauter mean diameter for sg,; = 2.0 mm can be
explained by the homogeneity of the spray. As seen in the high-speed
camera image for sg,; = 2.0 mm, no large liquid fragments remain in the
spray, leaving the detection area at z = 42 mm. This is consistent with
the results of Zhao et al. [28], where a morphological study of the pri-
mary breakup was presented, showing that an increase in the gas orifice
area Ag,, leads to a fiber-type breakup with small droplets and a more
homogeneous spray.

In the literature, the momentum flux ratio j or the correspond-
ing aerodynamic Weber number We,.,, were used: (i) to scale nozzles
within the investigated limits [29]; (ii) to describe the spray morphol-
ogy [38]; or (iii) to explain the Sauter mean diameter dependencies [39].
The effect of the gas momentum flux on resulting ID3, ,, is discussed in
the next section.

(iv) Dependence of integral Sauter mean diameter on the gas mo-
mentum flux jg,q

In order to compare the influence of gas velocity and system pressure
on the integral, mass-weighted Sauter mean diameter for a distinct gas
gap width, the gas momentum flux (i.e., We,.,) was used. The results
of two different gas gap widths (sg,s = 1.2 mm, left and sg,; = 0.6 mm,
right) at vg,, = 60-100 m's~! and Psys = 1-21 bar are shown in Fig. 7.
Here, each system pressure is represented by a specific colored line,
whereas the same colored symbols represent a specific gas velocity.

With increasing gas momentum flux jg,, the droplet size decreases
for both the constant system pressure and constant gas velocity. This
effect was observed for all gas gap widths, except for sg,; = 0.6 mm at
Vgas = 60 m° s~L. For a gas gap width of Sgas = 1.2 mm in Fig. 7 (left),
the gas velocity at the nozzle orifice exhibits a greater influence on the
droplet size compared to the system pressure. With increasing system
pressure, the dependency of gas velocity decreases significantly, lead-
ing to a plateau in the droplet size for jg, > 5 X 104 N-m~2. In contrast,
for lower gas gap widths (sg,; = 0.6 mm), the influence of gas veloc-
ity on droplet size is even higher at increased system pressure and gas
momentum flux.

Additionally, the influence of the gas velocity or system pressure on
the droplet size can be discussed when changing the gas momentum
flux by a fixed value [26]. As an example, Fig. 8 (left) shows the high-
speed camera images of primary breakup with the gas momentum flux
Jgas =43 kN'm~2 under the conditions, Sgas = 1.2 mm, pgy = 1 bar, and
Vgas = 60 m's~!. When the gas momentum flux is increased by Ajgas »
8 kN-m~2, different results are detected, using the system pressure or gas
velocity for the increment of jg,. The primary breakup of Fig. 8 (middle)
results from changing the momentum flux by a variation in the gas ve-
locity from vy, = 60 m's™! to Vg, = 100 m-s~. In contrast, Fig. 8 (right)
shows the primary breakup for the same gas momentum flux difference
applied by a variation in system pressure from pgys = 1 bar to pyy, = 3 bar.
Comparing the results owing to variation in the gas velocity, and varia-
tion in system pressure, a difference in the spray characteristics can be
seen from the high-speed camera images and is confirmed by the data
plotted in Fig. 7 (left) (see gray colored frames in the diagram and corre-
sponding high-speed camera images). The spray, resulting from the vari-
ation of j,,; through changes in gas velocity, is more homogeneous and
results in smaller droplets. In contrast, the variation through changes
in system pressure led to a slight reduction in droplet size, and several
larger droplets remaining after completion of the primary atomization
process.

(v) Dependence of integral Sauter mean diameter on the gas mo-
mentum flow Jg,; and scaling approach

Applications in Energy and Combustion Science 5 (2021) 100019

Table 4
Resulting parameters A, B and C as a function of the
system pressure for py, = 3, 11 and 21 bar.

Pgys inbar  A(pg)inpm  BinN  C(pgy,) in pm
3 250 0.19 70
11 600 0.19 80
21 1500 0.19 90

Finally, the gas momentum flow J, is applied to interpret the exper-
imental results as this variable includes all the investigated parameters
(Agass Vgas> and pgyq). Fig. 9 (left) shows the results of IDg, , at different
system pressures, pgys = 3, 11, and 21 bar, considering all gas gap widths
under investigation sg,; = 0.6 mm @ / 1.2 mm 4 / 2.0 mm M and gas
velocities at the nozzle orifice vg,; = 60 / 80 / 100 ms1,

With increasing gas momentum flow Jgas At a constant system pres-
sure, a decrease in the droplet size was observed owing to increase in
the gas velocity and/or an increase in the gas gap width. Increments in
system pressure at a constant gas momentum flow lead to an increase in
droplet size because of a shift in either the gas gap width or gas veloc-
ity towards smaller values. For large gas momentum flows, the IDg,
FIT-curves exhibit a plateau at all system pressures, indicating that a
further increase in the gas momentum flow causes only minor changes
in the droplet size. At high GLR values (GLR >> 1), the same effect was
observed by several authors at atmospheric system pressure [15-17].

With the objective of pressure scaling for external-mixing twin-fluid
atomizers and considering the importance of the influence of gas mo-
mentum flow on Sauter mean diameter, an empirical model was derived
to explain the droplet size behavior. The potential fit was chosen consid-
ering the shape of the plot of Sauter mean diameter results plotted as a
function of the gas momentum flow (see Fig. 9 (left)). Eq. (8) shows the
empirical model, which describes IDg, , as a function of system pressure
and gas momentum flow.

ID32,m = A(psys) e B+ C(psys) (8)

For different system pressures, a constant variable B and two
pressure-dependent parameters A and C were applied and correlated
using a least-square method. The parameters for the pressure steps (as
shown in Fig. 9) are listed in Table 4.

Based on the fact, that the parameters A and C are dependent on
system pressure, Egs. (9) and (10) are obtained.

A(pyys) =3.0- p, +220 9

C(pyys) = 1.1 - pyys + 67 (10

In order to demonstrate the accuracy of the model, a parity plot
showing the measured versus calculated ID3;,, values is shown in
Fig. 9 (right). Across all measurement conditions, the parity plot shows
good agreement between the calculated 1D, ,, and the measured val-
ues. The maximum deviation of 12.7% was observed for p, = 3 bar,
Vgas = 100 m's~! and Sgas = 1.2 mm, leading to a difference of
AlDgy , = 11 pm.

To evaluate this model with respect to the calculated integral Sauter
mean diameters against different system pressures, the measurements of
droplet size at py,s = 6 and 16 bar (as shown in Fig. 10 as a function of the
gas momentum flow and plotted as dots) were used as assessment crite-
ria. The curves representing the model approach (see Egs. (8), (9), and
(10)) for the respective system pressures are plotted as lines. For all of
the assessment criteria, the deviation is below 12% except for the point
at pgys = 6 bar and Jz,s = 0.69 N, where the deviation is AIDg, ,, =18 pm,
which equals 22%.

The evaluation of the model for py,; = 6 and 16 bar showed that the
deviation between the calculated and measured IDs; ,, values is small
and generally within the accuracy at low Jg,,. As a result, the applica-
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bility of the model for system pressures between pg,, = 1-21 bar and
Jgas = 0.07-2.5 N is proven for My, = 20 kg-h~.

Extrapolations of the model approach towards higher system pres-
sures, as commonly applied in EFG (i.e., psys = 40 or 80 bar), allow for
an estimation of the expected droplet size.

Conversely, to achieve a specific droplet size, the nozzle gas orifice
area and the required operating conditions can be calculated as follows:
(i) for a requested ID3; ;,, value and a given system pressure, the neces-
sary gas momentum flow is calculated by means of the empirical corre-
lation (see Eq. (8)); (ii) with a required GLR for the demanded process
conditions, the related gas velocity, and thereby, the gas gap width for
the twin-fluid atomizer is obtained.

4. Conclusion
This study investigated the influence of system pressure, gas velocity,

and gas gap width on spray quality (D35, ID3, ,) for twin-fluid atomizers
operated at liquid mass flow of My, = 20 kg'h~L. The nozzle geometry

was kept similar, except that the gas gap width was changed. At every
system pressure level between pg,; = 1-21 bar, three different gas veloc-
ities (vgy, = 60 / 80 / 100 m's~1) were investigated by changing the gas
mass flow (i.e., GLR). High-speed camera images were used to observe
the primary breakup, and to explain local measurements of droplet size
performed by a phase Doppler anemometer. Thereafter, the gas momen-
tum flux as well as the gas momentum flow were applied to describe the
atomization process. Finally, an empirical model was derived, enabling
the system pressure scaling of twin-fluid atomizers for the range of gas
momentum flow under investigation. The results of the experiments can
be summarized as follows:

Increasing the gas velocity leads to a decrease in the droplet size at
a constant system pressure and gas gap width.

Increasing the system pressure leads to a decrease in the droplet size
at constant gas velocity and gas gap width. This effect was observed
under all operating conditions except for the smallest gas gap width
and low gas velocity. The droplet size was nearly constant with in-
crease in the system pressure at smallest gas gap width and low gas
velocity.

Increasing the gas gap width leads to a decrease in the droplet size
at constant gas velocity and system pressure.

A distinct change in the gas momentum flux via either changes in
the gas velocity or system pressure leads to different results in spray
quality (ID3 ). This indicates that the gas momentum flux alone
is not sufficient for describing the spray quality at varying system
pressures.

By using the gas momentum flow for the characterization of atom-
ization behavior, an empirical model was derived, which enables
system pressure scaling across the investigated range of the gas mo-
mentum flow.
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