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ABSTRACT

The present work aims for the isolated investigation of the influence of system pressure on spray quality
of twin-fluid atomizers. An approach of pressure adapted nozzles was applied, allowing for constant mass
flows, gas-to-liquid ratio as well as fluid velocities at the nozzle orifice independent of system pressure.
Two Newtonian liquids featuring viscosities of 1 and 100 mPa - s were used, varying the system pres-
sure from 1 to 16 bar for gas velocities of 60, 80 and 100 m-s~!. A phase doppler analyzer was applied
for measurement of resulting drop size and velocity. Primary breakup morphology was detected by a
high-speed camera. Two regions with different dependencies of spray quality on system pressure were
identified. Applying pressure adapted nozzles while increasing system pressure, first results in a decrease
of droplet size followed by an increase. A maximum of the dynamic pressure of the gas phase was deter-
mined at minimum droplet size, which is explained based on the theory of a free jet. The observations
are underlined by images of the high-speed camera. Here, a change in breakup morphology from fiber
type to a mixture of fiber type and non-axisymmetric Rayleigh type breakup at high system pressure was

observed.

1. Introduction

Although spraying processes are often used in industrial appli-
cations, the influence of process conditions and liquid properties
is not yet fully understood. Especially knowledge of the twin-fluid
atomization process at high system pressure relevant for energy
conversion systems is scarce. Investigations on the liquid disinte-
gration process in gas turbines (Lefebvre, 1998) and rocket propul-
sion (Haidn and Habiballah, 2003) at high system pressure were
carried out, with varying nozzle geometries and under different
process conditions. Mostly, low viscosity liquids (17;;; < 50 mPa - s)
were used, without consideration of high viscosity fuels. Typically,
high viscosity liquids or suspension fuels featuring viscosities up
to 1000 mPa - s and complex rheological behaviour (e.g., non-
Newtonian flow, viscoelasticity) are applied in entrained flow gasi-
fication systems (EFG), which are operated at elevated system pres-
sure (absolute pressure up to 80 bar) (Fleck et al., 2018). Oxygen is
used as gasification agent and at the same time serves as atom-
ization agent, i.e. stoichiometry and gas-to-liquid mass flow ratio
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(GLR) are directly coupled. Based on the required low stoichiome-
try of the gasification reaction, the spray nozzle has to be operated
at GLR < 1. For optimization of the atomization process at condi-
tions relevant for an EFG or for design and scale-up of burner noz-
zles applied in an EFG, it is an essential research objective to gain
fundamental knowledge concerning the atomization behaviour of
high viscosity liquids at high process pressure (Jakobs et al., 2012).

Theoretical and experimental investigations regarding the atom-
ization of low viscosity liquids using twin-fluid atomizers at atmo-
spheric system pressure are common (Marmottant and Villermaux,
2004). An overview comparing different twin-fluid nozzle concepts
is given by Hede et al. (2008). Chigier and Faragd (1992) used a
high-speed camera to investigate the primary breakup of a water
jet applying twin-fluid nozzles. A regime classification for liquid
breakup morphology was proposed for different nozzle geometries,
using Reji; and Wegero, according to Egs. (1) and (2) to describe pro-
cess conditions:
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Table 1

Summary of investigations applying external mixing twin-fluid nozzles with n;, > 50 mPa - s at pgs =

1 bar.
Author (year) Measurement  GLR Nig inmPa -s  (I)Dgy ~ nfiq
Lorenzetto and Lefebvre (1977)  LDS 2-3.67 1.3-76 ()D33 ~ n}iq
Jasuja (1982) LDS 2-12 1.3-74.9 (HD3 ~ %3
Walzel (1990) LDS NJA 1-100 (HDy ~
Aliseda et al. (2008) PDA, HSC 7.69 1-77.6 (D ~ %%
Li et al. (2009) SZ, HSC 1-2.5 1-805 N/A
Sdnger (2018) PDA, HSC 0.4-13.8 100-400 M: (I)Ds; ~ '72,,47

F: (DDx2 ~ mi°

with liquid jet diameter (Dyq), velocity (v), density (o), dynamic
viscosity (7;;), and surface tension (o) as relevant process param-
eters. The subscripts gas and liq denote gas and liquid phase, re-
spectively. For low Wegero, the primary atomization is character-
ized by the so-called Rayleigh type regime, where the liquid jet
disintegrates into large droplets on the centerline of the spray.
With increasing Wegero, the membrane type breakup is reached,
where gas-filled membranes near the nozzle orifice can be de-
tected. These membranes break into tiny droplets at the thinnest
position, whereas the accumulated rim disintegrates according to
Rayleigh-Plateau-instabilities. At high Weger,, the fiber type regime
leads to a complete disintegration of the liquid jet into fibers
near the nozzle orifice. These ligaments typically disintegrate into
small droplets according to the Rayleigh-Plateau-instability. The
fiber type regime is divided into the submodes pulsating and su-
perpulsating; the latter is characterized by a fluctuation of droplet
number density in the spray. Lasheras and Hopfinger (2000) in-
cluded the effect of dynamic pressure ratio of gas and liquid phase
for the characterization of the fiber type breakup.

The effect of liquid viscosity on primary jet breakup of
suspensions applying twin-fluid nozzles was investigated by
Zhao et al. (2012). The authors used the Ohnesorge number,
see Eq. (3), to expand the previous regime classification towards
viscosity-effects of liquid jets. As a comparison of their work with
coal-water slurries, the liquid breakup morphology was described
by Oh and Wegero, classifying the regimes into Rayleigh type, fiber
type, and atomization.

Niig
vV loliq -0 - Dliq

There is a large number of publications that focus on the drop size
distribution, whereby most investigations were conducted for low
viscosity liquids (77;; < 50 mPa - s) and at atmospheric system
pressure. Commonly scarce are investigations on the influence of
liquid viscosity and system pressure on the atomization. A sum-
mary of investigations performed with external mixing twin-fluid
nozzles applying high viscosity liquids (7, > 50 mPa - s) at atmo-
spheric system pressure is given in Table 1.

Lorenzetto and Lefebvre (1977) and Jasuja (1982) investigated
the atomization of heavy crude oil with viscosities up to 74 =
76 mPa - s for gas turbines and combustors. With decreasing gas
velocity as well as increasing dynamic viscosity, an increasing drop
size was detected with a laser diffraction system (LDS). First in-
vestigations on model fuels like mixtures of glycerol/water with
1 < nj;q < 100 mPa - s were carried out by Walzel (1990), deducing
a correlation for drop size estimation based on an energy balance,
which shows a linear dependency of the integral Sauter mean di-
ameter on dynamic viscosity. This was in good agreement with the
work of Lorenzetto and Lefebvre (1977) and Jasuja (1982). GLR was
not given by Walzel. Aliseda et al. (2008) first used a high-speed
camera (HSC) visualizing the jet breakup and a phase doppler ana-
lyzer (PDA) system for measurements of drop size and velocity ap-
plying viscous liquids with up to 7, = 78 mPa - s. The comparison

Oh = (3)

of liquids with different viscosities showed damping effects on the
formation of liquid jet instabilities with increased viscosity, result-
ing in larger droplet sizes. Further investigations applying high vis-
cosity liquids were performed by Li et al. (2009). The authors used
liquids with a dynamic viscosity up to 1;;; = 805 mPa - s applying a
shadowsizer (SZ) for local droplet size measurement and a HSC for
visualization of the primary breakup. A negligible effect of dynamic
viscosity between 7, = 147 mPa - s on droplet size was detected,
whereas for a liquid viscosity of 7, = 805 mPa - s no jet disinte-
gration occurred anymore. Sdnger (2018) applied different liquids
with viscosities up to 7, =400 mPa - s. A dependency of droplet
size on primary breakup morphologies, like membrane type (M)
and fiber type (F) was reported. Summing up, the previous inves-
tigations showed that increasing dynamic viscosity dampens the
instabilities relevant for jet breakup, resulting in increased primary
jet length and droplet size. Detailed experiments on the external
twin-fluid atomization of high viscosity liquids (7;;; > 50 mPa - s)
at pressures above ambient are even more scarce. An overview is
given in Table 2.

One of the first studies on the atomization of low viscosity liq-
uids applying a twin-fluid nozzle was carried out by Rizkalla and
Lefebvre (1975), applying a prefilming atomizer. A laser diffrac-
tion system was used for measurement of drop sizes, varying the
system pressure between psys = 1—8.5 bar. System pressure psys
stands in the following for the ambient pressure in the atomiza-
tion chamber. A pressurized pipe with an internal nozzle enabling
constant liquid mass flow and constant gas velocity vgqs defined
at the nozzle orifice was used. A decrease of drop size with in-
creasing pressure was detected. The atomization of viscous liquids
(miig < 75 mPa - s) at pressure conditions up to psys = 14.2 bar,
using external mixing twin-fluid nozzles with a swirling gas flow,
was performed by Jasuja (1982). For different system pressures, the
GLR and gas velocity at the nozzle orifice were set to be constant,
while the liquid mass flow was adapted. The authors report that
increasing system pressure leads to smaller Sauter mean diame-
ters (D3y). With increasing liquid viscosity, this effect decreases.
Elkotb et al. (1982) used a coated glass plate (CGP) and optical
measurement techniques for detection of droplet sizes from the
atomization of low viscosity liquids at elevated pressures psys =
18 bar. Due to simultaneous changes in system pressure and gas
velocity, specific influences on atomization cannot be separated. In-
vestigations on the influence of liquid physical properties and vary-
ing system pressure were carried out by Rizk and Lefebvre (1984).
GLR and relative exit velocities at the nozzle orifice were kept con-
stant by variation of the gas and liquid mass flows. No informa-
tion concerning the distance between measuring plane and nozzle
orifice was given by the authors. With increasing system pressure
from psys = 1.3 — 18.3 bar, a decreasing Sauter mean diameter was
detected, using two external mixing twin-fluid nozzles with dif-
ferent liquid orifice diameters. Risberg and Marklund (2009) con-
ducted experiments using external mixing twin-fluid nozzles to at-
omize high viscosity liquids (7, =1—500 mPa - s). A HSC was
used for qualitative investigation of large droplets and velocity.



Table 2

Summary of investigations applying external mixing twin-fluid nozzles with n;, > 1 mPa - s at psys > 1 bar.

Author (year) Measurement 7 in mPa-s  pgs inbar  (I)Dgy ~ Pl

Rizkalla and Lefebvre (1975) LDS 1-44 1-8.5 (ND3y ~ pyk

Jasuja (1982) LDS 1.3-43.5 1-14.2 (ND3y ~ pgya®

Elkotb et al. (1982) CGP 33.5 1-8 (D ~ p02

Rizk and Lefebvre (1984) LDS 1.3-18.3 1-7.7 (ND3y ~ pgd*

Risberg and Marklund (2009) HSC 1-500 1-10 N/A

Gullberg and Marklund (2012)  HSC 25 1-5 N/A

Singer (2018) PDA, HSC 100-400 1-21 M: (I)D3; ~ p32%8
F: (D3 ~ py47

The variation of system pressure was carried out at constant GLR. Table 3

A dependency of system pressure on droplet size was not found.
Continuing experiments were conducted by Gullberg and Mark-
lund (2012), applying pyrolysis oil as low viscosity fuel. The lig-
uid supply was realized via an annular gap of the external twin-
fluid nozzle. For increasing system pressure, gas velocities at the
nozzle orifice and GLR were kept constant. To achieve these con-
stant conditions while varying the system pressure, liquid and
gas mass flow were adapted. An increase in primary jet length,
fractions of larger droplets and droplet number density were de-
tected with increasing system pressure by high-speed camera im-
ages. Further investigations on the atomization of high viscosity
liquids at elevated system pressure psys = 21 bar were performed
by Sdnger (2018). With increasing system pressure and constant
gas velocity, a decreasing Sauter mean diameter was found. In or-
der to achieve these constant conditions, GLR was increased from
0.4 at psys = 1 bar up to 13.8 at psys = 21 bar. Furthermore, it was
reported that increasing the dynamic pressure of the gas phase
Osgas - uéas by either variation of gas density or gas velocity shows
different results on droplet size.

Summing up the literature review, it must be stated that previ-
ous investigations cannot provide a comprehensive picture on local
data for sprays under high system pressure conditions using high
viscosity liquids. On the one hand, some studies mentioned show
inconsistent results. On the other hand, the investigated parame-
ters influencing the spray quality cannot be separated completely.
Additional, previous investigation applying elevated system pres-
sure were typically performed with one single nozzle, which re-
sults for high system pressures and constant gas velocity in high
GLR values. As an example for water measurements at increased
system pressure, Mayer (1994) gives a good overview. These con-
ditions are not relevant for an application like gasification, where
low GLR is required (Fleck et al., 2018).

To get a better insight in the disintegration process of lig-
uid jets applying twin-fluid nozzles and the initiating instabili-
ties under high pressure conditions, more detailed data such as
qualitative measurements of primary jet breakup and local high-
resolution measurements of drop size and velocity distributions
are required. Due to this deficit of knowledge, the present study
focuses on external mixing twin-fluid atomization of high viscos-
ity liquids at elevated system pressure. As previous investigations
of Jakobs (2015) and Sanger (2018) show, liquid velocity, gas ve-
locity, and GLR are important parameters influencing the droplet
size distribution of the spray. In order to investigate only the influ-
ence of system pressure on the atomization, these parameters were
kept constant. To maintain constant boundary conditions, pressure
adapted nozzles are used in the present study, i.e. nozzles with
reduced cross section of the gas outlet are applied for every sys-
tem pressure increment (see Table 3). With this approach, increas-
ing system pressure results in constant GLR, momentum flow ratio,
Reyiq, as well as gas velocity, while Wegero, and Reggs increase with
system pressure. Applying this set of nozzles is the first investiga-
tion of geometrical scaling to higher system pressure.

Nozzle data (Nozzle 1 - 5) for each system pressure step.

Psys in bar  Djq in mm Dggs in mm  Aggs in mm?
Nozzle 1 1 2.00 7.96 45.94
Nozzle 2 2 2.00 5.84 22.97
Nozzle3 6 2.00 3.82 7.66
Nozzle 4 11 2.00 3.19 4.18
Nozzle 5 16 2.00 2.91 2.87

2. Experimental setup

As described by Sdnger et al. (2015), the experimental setup
consists of the pressurized atomization test rig (PAT), a PDA, a
shadow sizing measurement system, and a high-speed camera. For
the experiments, 5 pressure adapted external mixing twin-fluid at-
omizers with similar geometry were used for the atomization of
water and a glycerol/water - mixture. A scheme of the spray test
rig PAT with exhaust air system and a horizontal cross-sectional
view (A-A) is given in Fig. 1. The pressure chamber has an inter-
nal diameter of 300 mm and a total height of 3000 mm. It is de-
signed 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 7;ig = 1000 mPa - s. Liquid mass flow can be controlled in the
range of P1: My, = 10 — 60 kg-h~" | P2: M, = 60 — 200 kg-h~"
using different screw pumps. Liquid mass flow and density are
measured by a Coriolis flow meter with an uncertainty of < 0.5%
and controlled by FIRC (flow indication recording control) systems.
The compressed air volume flow \'/gtIS is detected by a turbine
meter measuring in a range of Vggs = 0.85 —25 m3.h~! with an
uncertainty of < 0.5% and controlled by an FIRC system. A re-
calculation of volume to mass flow is done using the local mea-
sured gas temperature and pressure at the measurement turbine.
System pressure control in the pressure chamber was made by a
PIRC (pressure indication recording control) system and three cor-
responding valves after the gas/liquid separator. The liquid height
in the separator tank was controlled by a LCA (level control alarm)
system. To ensure well-defined nozzle inlet conditions, the liquid
can be stirred and tempered in a range of T = 10 °C - 50 °C. The
test rig is equipped with three glass windows (no inclusions or
cords) that allow for optical access to the spray chamber and avoid
any disturbances of the laser beam. Two optical ports are located
at & =0 ° and 70 ° to enable Phase Doppler measurements in
scattering mode with preferably highest intensity (first-order re-
fraction) (Albrecht, 2003). The third optical port is positioned at
dr = 180 ° to allow for spray investigations in backlight mode with
optical measurement systems. To ensure the protection from win-
dow deposits at the & = 70 ° window location, a wiper was used
between the measurements, using compressed air for movement.
A flow straightener (honeycomb structure) is located below the
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Fig. 1. Scheme of the experimental setup - Pressurized Atomization Test Rig (PAT).
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Fig. 2. Scheme of the external mixing twin-fluid nozzle.

measuring plane to avoid influences on the measurement due to
recirculation of droplets into the region of interest.

All investigations were conducted with 5 pressure adapted ex-
ternal mixing twin-fluid nozzles as shown in Fig. 2. The liquid
(blue) is supplied through a circular central tube (Dj; =2 mm)
at the nozzle axis. The liquid jet is surrounded by a coaxial gas
stream (green). The nozzle has parallel flow channels to avoid dis-
turbance of the liquid jet due to gas flow angle. In addition, the
influence of the tube separating gas and liquid at the nozzle ori-
fice was minimized by reduction of the wall thickness b to 0.1 mm.
This configuration results in an undisturbed gas flow at the exit of
the nozzle. For every system pressure, the related area of the an-
nular gas orifice was adapted in order to achieve a constant gas

velocity, GLR and mass flows, resulting in 5 different nozzles 1 - 5,
geometries given in Table 3. Those special nozzle configurations al-
low for solely varying the system pressure while keeping all other
operating conditions (Vgas, GLR, M“q) constant. Exemplary follows
for a system pressure of psys = 16 bar, a nozzle area ratio between
nozzle 1 and nozzle 5 of Agy 1/Agqs 5 = 16.

To investigate the influence of dynamic viscosity on the atom-
ization process, water (1, =1 mPa - s) and a glycerol/water -
mixture (7;;; = 100 mPa - s) were used. The physical properties of
these Newtonian fluids were measured at T = 20 °C and p =1 bar,
see Table 4. Dynamic viscosity was measured using a Searle-type
(GFG, 1912) rheometer. Surface tension was determined using the
du Noily ring method (du Noily, 1925) with a tensiometer, and



Table 4

Physical properties of the investigated fluids at T =20 °C and p =1 bar.

Mg in mPa - s

water 1
glycerol/water (84.3 wt. %) 100

liquid density by the weighing method. The influence of system
pressure on both, dynamic viscosity (Mezger, 2006) and surface
tension (Massoudi and King, 1974) is negligible for the investigated
liquids.

A high-speed camera for qualitative investigation of the primary
breakup process was applied in the nozzle nearfield. The camera
features a frame rate of 3.6 kHz operation at 1024 x 1024 pixel
resolution and frame rates up to 500 kHz at reduced resolution. A
lens with focal length of fyc =105 mm was used to capture pri-
mary breakup morphologies. In this case, images have dimensions
of 40.0 x 30.0 mm?2 or 40.0 x 48.0 mm? with a spatial resolution
of 62.5 //,m~pix’l. The frame rate was set to 12 kHz or 7.5 kHz,
respectively. The images were captured by backlight illumination
of the region of interest with a special lighting setup. An array of
9 high-power light-emitting diodes (LED) with total luminous flux
of 9 x 4500 Im was used. The position of each single LED within
the LED array was optimized for best light spread. Due to the high
intensity and the homogeneous distribution of the light, very short
exposure times (tg, ~ 7 ps) could be applied. This light setup al-
lowed for a sharp representation of the droplets even in case of
fast flow conditions. To guarantee for representative data of the
liquid disintegration process, a set of 4000 high-speed images was
recorded at every operating condition as well as a background ref-
erence image without liquid flow.

For observation of single droplets within the spray, a shadow-
sizer was employed and used (i) to optimize the PDA hardware
settings (receiver mask), (ii) to determine the measuring plane
where reliable measurements with the PDA system can be con-
ducted (spherical droplets), (iii) to qualitatively confirm the ten-
dencies measured by the PDA, and (iv) as a validation tool for the
PDA system to remove deviations arising from the Gaussian beam
effect (Araneo et al., 2002). The shadow sizing system consists of
a CCD camera operating in backlight mode with a high efficiency
diffuser that is powered by an Nd:YAG laser for illumination. The
far-field microscope mounted on the camera allows for very small
measuring volume of 2.8 x 2.8 x 0.8 mm3. The measuring vol-
ume, in combination with the camera resolution of 4 megapixels,
results in a spatial resolution of ~ 1.4 pm/pixel and allows for the
detection of all relevant droplet sizes. The accuracy of the shadow
sizing system was checked using a calibration target with points of
known size (10 pm). The biggest measurement error was < 10 pm.
Due to the fact that the shadow sizing system was used for qualita-
tive investigations of large droplets only, the accuracy was consid-
ered as adequate. In order to obtain a reliable amount of droplets,
a set of 1000 shadow images at an axial distance of z =200 mm
from the nozzle orifice was recorded and analyzed. Droplets with-
out detectable contour were rejected.

Droplet size and velocity were measured with high spatial and
temporal resolution within the spray cone by a fiber PDA system
by Dantec Dynamics. For data collection, the PDA was operated in
forward scattering arrangement and refraction mode (15t order).
The receiver was set to an off-axis angle of ®p =70 °. In order
to (i) get a well-defined detection volume dimension, (ii) to ensure
for high data rates at dense spray conditions and (iii) to enable flux
calculation, a slit with a physical length of Ig = 200 pm was used,
to reduce the length of the measurement volume. To guarantee for
the detection of large droplets as expected by the atomization of
high viscosity liquids and avoid sizing errors due to the Gaussian
beam effect, lenses with a focal length of 1000 mm were used for

oinN-m'  pyinkg-m=3  Oh
0.0719 998 0.0026
0.0649 1220 0.2513
Table 5
Settings of the fiber PDA evaluated by the sensitivity
analysis.
Parameters Values Unit
Transmitter focal length fr 1000 mm
Receiver focal length fz 1000 mm
Beam expander ratio E 1 -
Receiver slit width (physical) Is 200 pum
Laser wavelength A; 514.5 nm
Laser power (transmitter exit) 25 mW
Off-axis angle ®g 70 °
Frequency shift 40 MHz

both, transmitter fr and receiver f; (Araneo et al.,, 2002). In addi-
tion, the asymmetric Mask B was mounted in the receiver to elimi-
nate possible measurement errors due to the Gaussian beam effect
(trajectory effect). With this optical configuration, the PDA system
allowed for detection of droplets with minimum size of 1 pm and
maximum size of 1307 pm for water and 1330 pm for the glyc-
erol/water - mixture, depending on the refractive index of the lig-
uid (Albrecht, 2003). To improve the PDA instrument settings to-
wards small droplets (e.g. data rate and validation rate), the opti-
mum PDA user settings were evaluated in advance by a sensitivity
study (Kapulla and Najera, 2006). The PDA settings are given in
Table 5.

To enable drop size measurements at different positions within
the spray cone, receiver and transmitter were mounted on a 3D
traverse system, which guarantees for spatially operation with a
reproducibility < 0.1 mm. Data were obtained by moving the de-
tection volume relatively to the nozzle position. The measurements
were taken at several radial (traverse along x-axis) positions with a
radial increment of Ax =2 mm. According to the orientation of the
coordinate system as indicated in Fig. 2 and the alignment of the
fringes of the laser beam couple (A; = 514.5 nm - green), the axial
droplet velocity component v, could be measured. To ensure a re-
liable database for every radial position during PDA measurements,
the sample size was set to 50,000 droplets. Only for the outer-
most radial measuring position, the sample size of 50,000 droplets
was not reached for all operating conditions. Nevertheless, at least
4000 droplets were detected at the boundary of the spray cone.
The raw data from the manufacturer software were used to com-
pute arithmetic means, statistical data, as well as additional infor-
mation (i.e. mass flux and D3y, etc.) using the toolbox SprayCAT
(Sdnger, 2018). For global characterization of the spray, the compu-
tation of a global characteristic diameter, i.e. mass-weighted inte-
gral Sauter mean diameter ID3,,;, was carried out by a weighted
average, including all measurement positions of a radial profile at
a fixed axial position z. The integral Sauter mean diameter IDs3;
is calculated according to Eq. (4), based on the local volume mean
diameter D3j; and local surface mean diameter D, ;. These diam-
eters are weighted by 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 outer-
most point xy for each operating condition is defined by a min-
imum of the ratio of data rate f; divided by maximum data rate
fmax along the radial profile, which was set to 0.1.

Z:’il Dgo,imiAf (4)

Dym= —————
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Table 6
Operating conditions of the experiments.

GLR
0.6/08/1.0

Mys in kg -h~"!
12/16 /20

Vgas in M- 57!

60 / 80 / 100

Psys in bar

1/2/6/11/16

Further information concerning computation of global size distri-
bution and drop size moments can be obtained from DIN SPEC
91325 as well as from Albrecht (2003). The mass flux m; was calcu-
lated from PDA data according to Albrecht (2003) using the toolbox
SprayCAT. All PDA measurements were conducted at an axial dis-
tance of z =200 mm from the nozzle orifice and repeated at least
3 times. For each operating condition and nozzle, rotational sym-
metry of the spray cone was proven, taking a full radial profile in
a first set of experiments. After rotational 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 those sets of experiments were afterwards mirrored to get full
profiles. Therefore, all radial Sauter mean diameter distributions
are shown as mirrored profiles at x =0 mm and 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 vggs, (ii)
system pressure psys and (iii) dynamic viscosity 7;;; on resulting
droplet size and primary breakup at constant liquid mass flow of
M“q =20 kg - h~1, pressure adapted nozzles were applied as a scal-
ing approach. This results for every system pressure step in con-
stant operating conditions, named Mgqs, Mg, GLR, vgas. Additional,
to examine the effect of gas velocity, three different gas mass flow
rates Mgas were chosen for the five system pressure settings psys.
The operating conditions for all measurements are presented in
Table 6. The atomization agent in all experiments was pressur-
ized air at T =20 °C. The supplied liquids were also tempered at
T =20 °C.

3.1. Influence of gas velocity, system pressure and dynamic viscosity
on droplet velocity

In the following section the investigation on the influence of
gas velocity on local axial droplet velocity are discussed for dif-
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ferent system pressure and dynamic viscosity of the liquid. The
measurements were performed at an axial distance of z =200 mm
downstream the nozzle exit, applying a PDA system. Exemplarily
results for glycerol/water - mixture (1;; = 100 mPa - s) at vVges =
60 m-s~! (Fig. 3a) and a comparison of water (Mig =1 mPa - s)
and glycerol/water - mixture (7;; = 100 mPa - s) for vgss = 100 m -
s~1 (Fig. 3b) are shown.

Fig. 3 shows the number-averaged axial droplet velocity
Vgr. z, mean fOr gas velocities of Vggs = 60 m-s~! (Fig. 3a) and Vggs =
100 m-s~! (Fig. 3b) for system pressure of psys = 1 — 16 bar, z =
200 mm downstream the nozzle orifice. Additionally, Fig. 3b shows
the influence of liquid viscosity on Vg, 2z, mean (n,iq =1 mPa - s/ left
and 7;;, = 100 mPa - s [ right). The typical Gaussian shaped radial
profile of external mixing twin-fluid atomizers was detected. All
velocity profiles show rotational symmetry with deviations smaller
than Avg, =1 m.s! between left and corresponding right side
of the centerline. In addition, the error bars plotted in Fig. 3 in-
dicate the repeatability of the experiments. It was detected that
droplets of a size range between 1 - 5 pm at z= 200 mm show
velocity deviations smaller than Avg, =0.8 m-s~! towards the
number-averaged droplet velocity of all droplets shown in Fig. 3,
i.e. slip between droplet and gas phase can be neglected, secondary
breakup of droplets is finished, thus z =200 mm is a reasonable
measuring position to characterize droplet size of the spray.

For increasing gas velocity at the nozzle orifice, higher axial
droplet velocities are detected, see Fig. 3a at Vg = 60 m-s~! com-
pared to Fig. 3b at Vg = 100 m-s~!. Applying pressure adapted
nozzles at increasing system pressure, the axial droplet velocity
over the whole spray width decreases for all gas velocities and lig-
uid viscosities. This can be explained by the free jet theory and
Eq. (5) for calculation of the gas free jet, which is based on the
assuming of conservation of momentum (Schlichting et al., 2006).

(5)

Here, vgqs is the gas velocity at the nozzle orifice, v(z) is the gas ve-
locity at distance z on the spray axis, pg is the gas density at the
nozzle orifice, p is the density of the ambient gas phase and deq is
the equivalent diameter of the gas exit of the nozzle. With increas-
ing system pressure the gas outlet area Agg of the nozzle is re-
duced due to the pressure adapted scaling approach (see Table 3).
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Fig. 3. Radial measurements of the number-averaged axial droplet velocity distributions as a function of system pressure a) for glycerol/water - mixture (1, = 100 mPa - s)
at Vs =60 m-s~! and b) a comparison of water (1, = 1 mPa - s) and glycerol/water - mixture (7, = 100 mPa - s) at Vges = 100 m-s~1.
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A decrease in the gas orifice area leads to smaller equivalent di-
ameter of the gas exit degq. The ratio pg over p does not depend
on system pressure, due to the small and therefore negligible dif-
ference between ambient gas and atomizing air density. Smaller
deq values lead, according to Eq. (5), towards lower values of the
gas velocity v(z) at same distance z, while the exiting gas velocity
at the nozzle orifice remains constant. Physically, this deceleration
of gas velocity downstream the nozzle can be explained by the
entrainment of ambient gas into the atomization gas jet emerg-
ing from the nozzle. As system pressure is increased and pressure
adapted nozzles are applied, the entrainment increases, due to the
decreasing equivalent diameter deq. This change in nozzle geome-
try affects the gas jet core length, which is characterized by con-
stant gas velocity, as shown exemplarily for vg; = 100 m-s~! in
Fig. 4 (Schlichting et al., 2006).

For increasing system pressure while applying the pressure
adapted scaling approach, a decrease in the gas velocity v(z) for
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every distance z is calculated. This results in a shorter core length,
where the slow liquid phase is exposed to the fast atomization
gas jet. As a consequence, this decreased core length leads to a
decrease in gas-liquid-interaction and therefore to droplets with
lower velocities.

3.2. Influence of gas velocity, system pressure and dynamic viscosity
on Sauter mean diameter

For quantitative investigation, the influence of gas velocity, sys-
tem pressure, and dynamic viscosity on spray quality was detected
by a PDA system using D3, as a characterization criterion. Sauter
mean diameter profiles across the whole spray cone at an axial
distance of z=200 mm downstream the nozzle orifice for water
(mig =1 mPa - s) and glycerol/water - mixture (77;;; = 100 mPa - s)
were performed. The results for the high viscosity liquid (4 =
100 mPa - s) are presented in Fig. 5 as radial profiles.

3.2.1. Influence of gas velocity on Sauter mean diameter

Fig. 5 shows exemplarily the radial distribution of D3, for sys-
tem pressure of psys = 1 — 16 bar at vggs = 60 m-s~! (Fig. 5a) and
Vgas = 100 m - s~! (Fig. 5b) for the glycerol/water mixture with vis-
cosity of 7;;; = 100 mPa - s. An increase of gas velocity leads to a
decrease of Sauter mean diameter for each system pressure. The
influence of gas velocity on the resulting D3, is more pronounced
for system pressures psys > 6 bar. The various shapes of the D,
profiles are discussed in detail in the following sections.

3.2.2. Influence of system pressure on Sauter mean diameter

For vggs =60 m-s~! increasing system pressure up to Dsys =
6 bar results in a slight reduction of the Sauter mean diame-
ter, a further increase of the system pressure psys > 6 bar shows
larger droplet sizes, especially near the spray axis. Similar depen-
dencies were found for vg;s = 100 m - s~1, where the influence of
system pressure for psys < 6 bar is less pronounced compared to
Vgas = 60 m-s~1,

3.2.3. Shape of the Sauter mean diameter profiles

Fig. 5 clearly shows a change in shape of the Sauter mean di-
ameter profiles with increasing system pressure and gas veloc-
ity. For vgs =60 m-s~! the flat D3, profiles for pss < 6 bar
turn into a profile with a pronounced peak at the spray axis for
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Fig. 5. Radial distribution of Sauter mean diameter at z =200 mm below the nozzle orifice as a function of system pressure for glycerol/water - mixture (7, = 100 mPa - s)
at a) Vges = 60 m-s~! and b) vges = 100 m-s~! (open symbols denote mirrored positions).



Fig. 6. High-speed camera images of primary jet breakup for glycerol/water - mixture (1, = 100 mPa - s) at a) pys = 1 bar, Ugs =60 m-s~!, b) psys = 1 bar, vges = 100 m -

s71, €) Psys = 11 bar, vges = 60 m- s~ and d) psys = 16 bar, Vg = 100 m-s~1.

Psys = 11 bar. For vggs = 100 m-s~! the uniform profile is main-
tained up to psys = 11 bar, but a further system pressure increase
to psys = 16 bar leads to a significant increase in drop size with
a pronounced M-shape radial profile. However, a M-shaped pro-
file is observed by the measurement, due to the PDA measurement
limit mentioned in the description above, see also Albrecht (2003).
Without this measurement limit, the radial profile would also be
inverse V-shaped. In order to understand the physical effects re-
sponsible for these findings, additional high-speed camera images
were taken. Fig. 6 shows primary jet break-up for different process
conditions, indicating that the shape of the profiles results from
different breakup morphologies of the primary jet. In Fig. 6 only
the glycerol/water - mixture with 7, = 100 mPa - s is shown in
sense of simplicity, referring to Rej; = 35 and Oh = 0.2513. Further-
more, breakup morphologies are classified and compared towards
the findings of Lasheras and Hopfinger (2000), noting that the noz-
zle geometry was similar, but with different dimensions and liquid
properties.

Fig. 6a (psys = 1 bar, vggs = 60 m-s~!, Wegero = 128) shows a
membrane type breakup; small droplets are formed by the dis-
integration of membranes and are partly accelerated in radial di-
rection away from the spray axis, while larger droplets, originated
from membrane rims, stay in the center of the spray. This results
in the W-shaped radial distribution of D3, as shown in Fig. (5)a.
For this atomization conditions (Weger, Oh) the membrane type
breakup was also proposed by Lasheras and Hopfinger (2000) and
Zhao et al. (2012).

Fig. 6b (psys = 1 bar, vggs = 100 m-s~!, Wegero = 361) shows a
fiber type breakup situation. As a consequence of the higher rela-
tive velocity in the spray center compared to the boundary of the
spray, liquid fragments in the center are disintegrated into smaller
droplets. Liquid fragments at the spray boundary form droplets
without further disintegration due to the low shear rate, leading to
a U-shape distribution according to Fig. 5b. For this operating con-
ditions Zhao et al. (2012) still estimate a membrane type breakup,
whereas Lasheras and Hopfinger (2000) predict a transition region
between membrane and fiber breakup, which is in good accor-
dance to the prevailing breakup.

In Fig. 6¢ (psys = 11 bar, Vg =60 m-s~1, Wegero = 1395) the
aerodynamic force of the gas jet is not sufficient to disintegrate
the whole liquid jet. This leads to the peel off of some fibers from
the primary jet close to the nozzle orifice, whereas the center
of the jet is not affected. Finally, the liquid core breaks up into
large droplets by Kelvin-Helmholtz and Rayleigh-Plateau instabil-
ities. This explains the inverse V-shape of the radial D3, profile
with maximum on the spray axis shown in Fig. 5a. For this oper-
ating conditions, Zhao et al. (2012) as well as Lasheras and Hopfin-
ger (2000) predict a fiber type breakup, due to the high aerody-

namic We number calculated with values at the nozzle orifice. Due
to the increased deceleration of the gas velocity with increased
system pressure and the applied pressure scaling of the nozzles,
near the nozzle orifice a fiber type breakup can be detected, while
the liquid core remains constant and disintegrates according to the
non-axisymmetric Rayleigh type breakup. This effect stays for sys-
tem pressures psys > 6 bar in contrast to previous regime classifi-
cations.

The spray shown in Fig. 6d (psys =16 bar, Vg =100 m-
s, Wegero = 5882) corresponds to the M-shaped Dj,-profile in
Fig. 5b. Due to the partly prevailing non-axisymmetric Rayleigh-
type breakup of the primary jet, droplet diameters d > Dy, are
found near the spray center shown in Fig. 6d. From shadowsizer
images the maximum detected droplet diameter on the centerline
of the spray was dmax = 3072 pm. This leads to the conclusion that
the local Sauter mean diameter would actually even be higher than
predicted by the PDA measurements and form a Gaussian shaped
profile. The minimum of Sauter mean diameter in the spray center
is only detected, due to some smaller detectable droplets formed
near the nozzle orifice and the exceeding droplet size over the
measurement limit of the PDA system. Regarding regime classifi-
cation the prediction of breakup morphology from both authors
Lasheras and Hopfinger (2000) and Zhao et al. (2012) show same
deviations as for Fig. 6¢, due to the incomplete breakup detected
at even higher aerodynamic We number.

Concluding the regime classification, for increase of vggs, re-
sults were in good accordance to the literature. Applying the
pressure adapted nozzles at increased system pressure, results at
Psys > 6 bar were not comparable with both authors Lasheras and
Hopfinger (2000) and Zhao et al. (2012). One possible reason could
be the fact that commonly used dimensionless numbers (We, Oh)
do not include all relevant nozzle geometry parameters.

3.2.4. Influence of dynamic viscosity on sauter mean diameter

The influence of dynamic viscosity is discussed in detail on
mass-weighted integral Sauter mean diameter, see in section be-
low. Experimental data on Sauter mean diameter profiles, not given
in this paper, show that increase in dynamic viscosity leads to the
formation of membranes and ligaments due to the damping effect,
as described by Zhao et al. (2012). Those ligaments disintegrate
into large droplets which result in an increase of droplet size for
all operating conditions. This effect is also shown by HSC images
as shown in Fig. 11.

3.3. Influence of gas velocity, system pressure and dynamic viscosity
on mass-weighted integral sauter mean diameter

In order to compare the spray quality at different operat-
ing conditions for both viscosities, local drop sizes measured at
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Fig. 8. High-speed camera images of primary jet breakup for water (4=
1 mPa - s) at a) psys = 6 bar, Vg =60 m-s~! and b) psys = 6 bar, Vg = 100 m - s~!

and glycerol/water - mixture (1, = 100 mPa - s) at ¢) psys = 6 bar, Vg =60 m-s~!
and d) psys = 6 bar, Vgs = 100 m-s~'.

z =200 mm were used to calculate the ID3,, according to Eq. (4).
For different gas velocities and system pressures, the values of
ID3,, are plotted as function of system pressure in Fig. 7. Fig. 7a
shows the D3y, for water with 7;; =1 mPa - s and Fig. 7b for
glycerol/water - mixture with 7, = 100 mPa - s, respectively.

3.3.1. Influence of gas velocity on mass-weighted integral Sauter
mean diameter

A decrease of D3y, with increasing gas velocity can be de-
tected for all system pressures and liquid viscosities, see Fig. 7.
For higher system pressure psys > 6 bar and higher liquid viscos-
ity, the influence of gas velocity is even more pronounced. This ef-
fect is confirmed by the high-speed camera images of primary jet
breakup shown in Fig. 8. Large ligaments are found in the nozzle
nearfield for vges = 60 m - s~1, see Fig. 8a and Fig. 8c, whereas only
few small liquid fragments are detected for vge = 100 m-s~! in
Fig. 8b and Fig. 8d. In addition, a reduction of the primary liga-
ment length can be seen with increased gas velocity.

3.3.2. Influence of system pressure on mass-weighted integral Sauter
mean diameter

With increasing system pressure, a minimum in the ID3; ,, can
be detected for the glycerol/water - mixture at psys = 6 bar for all
gas velocities, for water this effect is less pronounced at pgys =
2 bar (see Fig. 7). The high-speed camera images in Fig. 9, where
primary jet breakup is shown at vggs = 100 m - s~! for water at sys-
tem pressure of psys =1 bar (Fig. 9a), 6 bar (Fig. 9b) and 16 bar
(Fig. 9c¢) and for glycerol/water at system pressure of psys =1 bar
(Fig. 9d), 6 bar (Fig. 9e) and 16 bar (Fig. 9f) confirm these findings.

One possible explanation of this effect is the difference in the
dynamic pressure of the gas jet pgas~v§as, which describes the
aerodynamic force on the liquid jet according to Wegss (Lasheras
and Hopfinger, 2000; Sdnger, 2018; Kumar and Sahu, 2018; Xiao
et al., 2014). The gas velocity in the jet is reduced due to the en-
trainment of ambient gas (free jet behaviour, see Eq. (5)). This en-
trainment shows a higher effect on the deceleration of the gas
phase, when increasing system pressure and applying pressure
adapted nozzles, see Fig. 4. In order to quantify this assumption,
the measured velocity of droplets in the size range from 1 - 5 pm
was used to describe the local vggs at z=200 mm (Tropea et al.,
2007). The derived radial distribution of the dynamic pressure of
the gas jet is shown in Fig. 10 for glycerol/water - mixture at
Psys = 1, 6 and 16 bar and vgs = 100 m - s~1. For constant gas ve-
locity at the nozzle exit, a maximum of the dynamic pressure of
the gas phase can be detected for psys =6 bar on the spray axis.
This maximum could lead to the formation of smaller droplets.
For significantly increasing system pressure at pss > 6 bar, the
dynamic pressure of the gas phase is decreasing, see Fig. 10. The
maximum of the dynamic pressure of the gas phase can be ex-
plained by opposite effects:

e With increasing system pressure, the density of the gas phase
increases. This leads to increased aerodynamic forces between
liquid and gas phase as well as higher dynamic pressure of the
gas jet resulting in smaller droplets. According to this, the cor-
relations listed in Table 2 show a decrease of droplet size with
increasing system pressure.

o Applying the pressure adapted nozzle design at elevated system
pressure an increased deceleration of the atomization jet veloc-
ity is detected which is described by Eq. (5). As described pre-
viously, the increased deceleration of the gas phase is caused
by the reduction of Agas (deq). As the reduction of the gas phase



Fig. 9. High-speed camera images of primary jet breakup at vgs = 100 m-s~! for water (1, =1 mPa - s) at a) pys =1 bar, b) pss = 6 bar and ¢) pys = 16 bar and for the
glycerol/water - mixture (77;;; = 100 mPa - s) at d) pss = 1 bar, e) psys = 6 bar and f) pss = 16 bar.
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Fig. 10. Influence of system pressure ps,s on the radial distribution of dynamic
pressure of the gas jet (calculated out of the velocity of droplets with a size of
1 -5 um at z=200 mm) for glycerol/water - mixture (7, =100 mPa - s) and
Vgas = 100 m - s~ 1.

Fig. 11. High-speed camera images of primary jet breakup at pgs = 1 bar and vggs =
60 m-s~! for a) water (1, =1 mPa - s) and b) glycerol/water - mixture (7 =
100 mPa - s).

velocity along the spray axis (see Fig. 4) shows little effect at
Psys < 6 bar, for psys > 6 bar the reduction of gas phase veloc-
ity outside the nozzle affects the dynamic pressure of the gas
jet and therefore the primary breakup, leading to a significant
increase of droplet size.

Due to the fact, that for the calculation of the dynamic pres-
sure of the gas jet the gas velocity is weighted by the power of
2, whereas gas density is weighted by the power of 1, for the
given operating conditions in Fig. 10 the maximum is found at
Psys = 6 bar.

3.3.3. Influence of dynamic viscosity on mass-weighted integral
Sauter mean diameter

For increasing dynamic viscosity, bigger droplets were detected
independent of system pressure and gas velocity, see Fig. 7. This
is also confirmed by high-speed camera images of the primary jet
breakup as exemplarily shown for psys =1 bar and Vg =60 m -
s~! in Fig. 11. For higher system pressure psys > 6 bar and vges =
100 m-s~1, the droplet size increases with a steeper gradient at
higher dynamic viscosity, see Fig. 7a and Fig. 7b. This can be ex-
plained by enhancing effects of the damping liquid and the low
dynamic pressure of the gas jet and is in good accordance to the
correlations shown in Table 1.

4. Conclusion

In the present study, the influence of system pressure and liq-
uid viscosity on jet breakup and spray quality (D3, ID3;,,) for two
Newtonian liquids (1 and 100 mPa - s) was investigated. Nozzle
geometry was adapted to the system pressure in order to keep all
other operating conditions (vggs, GLR, Mgas) constant, independent
of system pressure. Liquid mass flow was kept constant at 20 kg -
h=1 while the gas velocity was varied between 60 and 100 m - s~ 1,
which resulted in a variation of GLR from 0.6 to 1.0. High-speed
camera images were classified according to the breakup regimes
defined by Chigier and Faragé (1992) and discussed with regard to
local measurements of droplet size. The following conclusions can
be drawn:

1. Increasing the gas velocity always leaded to a decrease in
droplet size independent of system pressure and liquid viscos-
ity.

2. Increasing the liquid viscosity always leaded to an increase in
droplet size independent of system pressure and gas velocity.

3. Increasing the system pressure while applying pressure adapted
for constant gas velocity leads to a minimum in droplet size:
(a) For the given nozzle geometry and operating conditions, the

droplet size minimum is detected at 6 bar for 100 mPa - s,
60—100 m-s~! and 2 bar for 1 mPa - s, 60 m-s~1. A fur-
ther increase of the system pressure above 6 bar leaded to
an exponential increase of droplet size.
High-speed camera images revealed a change in primary jet
breakup morphology from fiber type towards a mixture of
fiber type and non-axisymmetric Rayleigh type breakup at
high system pressures. This effect was observed for both lig-
uid viscosities (1 and 100 mPa - s) and seems responsible for
the trend observed.

—
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(c) One possible explanation for this effect is the maximum of
the dynamic pressure of the gas jet. With higher system
pressure, gas density increases, while the smaller gas orifice
area due to the pressure adapted nozzles approachindicates
an increased deceleration of the gas phase according to the
free jet theory. Overlapping of both effects results in an in-
crease of dynamic pressure of the gas phase for low sys-
tem pressure towards a maximum, followed by a decrease
for high system pressure.
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