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A B S T R A C T   

In the present research, the influence of atomization on the mixing ratio, representing entrainment in the gas 
phase of a two-phase free jet, is investigated at ambient conditions. The local mixing ratio is determined from the 
tracer gas (helium) concentration in the gas phase. Radial profiles of the mixing ratio are measured at several 
axial distances for 3 different nozzles applying 5 different gas-to-liquid ratios (GLR) for the two-phase free jet as 
well as a single-phase free jet. Common characteristics between the two-phase free jet and the single-phase free 
jet have been found. The mixing ratio of the two-phase free jet can be modeled using a semi-empirical approach 
for single-phase free jets from literature. The experimental data is used to determine the empirical parameters of 
the two-phase free jet model for the simulation of the flame structure in an entrained flow gasifier from Hotz 
et al., 2021 (https://doi.org/10.1016/j.fuel.2021.121392) (Hotz et al., 2021). The experimental data of the 
mixing ratio is available on Mendeley data as supplementary material of the present research (https://doi. 
org/10.17632/t66f8swg6w.1) (Hotz, 2022).   

1. Introduction 

1.1. Motivation and background 

Single-phase free jets are subject to many investigations carried out 
both experimentally [3–8] and numerically [9–11]. Using a single-phase 
free jet approach, reacting free jets, e.g. gas flames, can be described. 
Two-phase free jets include a continuous phase (e.g. gas) and a disperse 
phase (e.g. droplets). Experimental investigations on two-phase free jets 
are often focused on the size, velocity and distribution of the disperse 
phase, created during the atomization, under ambient conditions 
[12–17]. Numerical investigations on two-phase free jets using CFD 
simulation are also available [18–20]. Reacting two-phase free jets are 
found in many physical and thermo-chemical processes, e.g., entrained 
flow gasification. In an entrained-flow gasifier, the liquid fuel is atom
ized at the burner nozzle by the gasification medium. Typical gas-to- 
liquid ratios (GLR) for entrained flow gasifier are GLR < 1 as the oxy
gen content in the gasification agent is high to reach high reaction 
temperature and the equivalence ratio (ER) is ER < 1 [21–24]. The 
reactor wall of the gasifier encloses the two-phase jet, thus an outer 
recirculation zone is formed. Synthesis gas, recirculating from down
stream of the reactor, is entrained into the jet, emerging from the nozzle, 

and reacts with the gasification medium. An overview of the sub- 
processes during entrained flow gasification is given in [25]. 
Entrained-flow gasification has been simulated using a computational 
fluid dynamic (CFD) model [26]. 

A confined free jet can be described in good approximation as a free 
jet, up to the center of the recirculation eddy [27–30]. With the concept 
of the equivalent nozzle diameter, free jet equations can also be applied 
to reacting free jets,e.g. gas flames [31]. In the two-phase free jet model 
in [1], a free jet approach, derived from a single-phase free jet, is used to 
simulate the flame structure of an entrained flow gasifier. The flame is 
modeled as a superposition of a reacting free jet and a fuel spray, which 
is evaporating combustible components and interacts with the reacting 
free jet. In [1], the momentum flux of the gas phase is several orders of 
magnitude higher than the momentum flux of the liquid phase. There
fore, the two-phase free jet is considered as gas free jet emerging from an 
annular gap superimposed by the liquid phase. Velocity and concen
tration patterns are calculated with two-phase balance equations. As the 
two-phase free jet model is derived from a single-phase free jet, the 
difference between the gas phase of a two-phase free jet compared to a 
single-phase free jet is of interest. 

Experimental data regarding the gas phase of a two-phase free jet is 
scarcely available in literature (e.g. [32–35]). In the present research, 
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the influence of the liquid phase on the mixing ratio in the gas phase of 
the two-phase free jet is investigated under ambient conditions without 
confinement of the jet. The experimental data is provided as supple
mentary material [2]. 

1.2. Free jet theory 

The two-phase free jet investigated in the present study consists of 
the droplets as the disperse phase and the atomization medium as the 
continuous phase, which is diluted by gas entrained into the jet. The 
driving force in the two-phase free jet is the high momentum flow of the 
atomization medium as the liquid phase emerges the nozzle at low ve
locity. Fig. 1 displays a single-phase free jet emerging from a nozzle. The 
outlet velocity u0 is constant across the nozzle orifice with the diameter 
d0. The jet is in contact with quiescent gas in the surrounding environ
ment. Due to the velocity gradient, the surrounding gas is entrained into 
the jet. The overall momentum flow of the jet is conserved [5]. The 
moving mass of the jet is increased and its velocity decreased. On the jet 
axis, the velocity of the jet is not affected by entrainment up to a distance 
of approximately 4 d0, which represents the end of the core region. In 
this region, the flow pattern depends e.g. on nozzle design, Reynolds 
number and jet medium [36–39]. After a transition region, the similarity 
region begins at a distance of 6–8 d0 [7,40,41]. In this region, radial 
velocity profiles show self-similarity, i.e. the profiles at different axial 
distances, normalized by the ratio of axial distance and the nozzle 
diameter collapse in good approximation on a single line [3,5,6]. 
Furthermore, the radial velocity profiles concur with a Gaussian func
tion [7,42–47]. 

The atomization medium emerging from the nozzle is diluted with 
gas entrained from the surrounding environment. The mixing ratio is 
used to describe the entrainment and it is defined as the local mass ratio 
of the gas originating from the nozzle mg,0 and the gas entrained into the 
jet mg,1 (Eq. (1)). The radial position η and the axial position ζ are 
formulated as non-dimensional parameters (Eq. (2) - (3)), with the 
radial position r, the axial position z, the virtual jet origin z0 (see Fig. 1) 
and the equivalent nozzle diameter deq (Eq. (4)). The equivalent nozzle 
diameter is introduced by Thring & Newby [29]. As given in Eq. (4), deq 

is the nozzle diameter of the hypothetical free jet with the momentum 
flow rate İ0 and the mass flow rate ṁg,0 of the emerging jet and gas 
density of the surrounding environment ρ1. With the concept of the 
equivalent nozzle diameter, Eq. (5) and (6) can be also applied to free 
jets from non-round nozzles and free jets with density gradients to the 
surrounding. The radial profiles of the mixing ratio also concur with a 

Gaussian function. On the centerline of the jet (η = 0), the mixing ratio 
decays proportionally to 1/ζ (see Eq. (5)). For the position of the virtual 
jet origin z0(see Fig. 1), values between z0 = − 2 • deq and z0 =+4 • deq 

can be found in literature [41]. For the constant BC of the free jet, values 
in the range of 4.3–5.3 have been reported in literature 
[9,38,40,41,48,50,51]. 

Günther et al. [48] developed a semi-empirical model to describe the 
mixing ratio of the single-phase free jet in the self-similar region (Eq. 
(6)). The model is based on radial Gaussian profiles. The conservation of 
the momentum, mass, and energy of the flow emerging from the nozzle, 
as well as the self-similarity of the jet, are assumed. The parameter for 
the exchange of momentum ci is derived from experimental values at the 
centerline. For single-phase free jets, Kremer [52] determined ci as a 
constant equal to 0.07. The turbulent Schmidt number Sct in Eq. (6) is set 
to 0.75 [48]. 

Definition of the mixing ratio: 

X(ζ, η) = m0(ζ, η)
m0(ζ, η) + m1(ζ, η)

(1) 

Normalized radial position: 

η =
r

z − z0
(2) 

Normalized axial position: 

ζ =
z − z0

deq
(3) 

Equivalent nozzle diameter: 

deq =
2 • ṁg,0
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

İ0 • π • ρ1

√ (4) 

Centerline mixing ratio: 

X(η = 0) = BC •
1
ζ

(5) 

Mixing ratio in the self-similar region of a single-phase free jet: 

X(ζ, η) = Sct

2 • ci
•

1
ζ
• exp

(

−

(
2 • Sct − 1

2 • c2
i

)

• η2
)

(6)  

1.3. Two-phase free jets 

The driving force of the two-phase free jet is the momentum of the 
atomization medium, which accelerates the droplets, and which is 

Fig. 1. Radial velocity profiles in the core, transition and self-similar region of a single phase free jet emerging from a round nozzle [48,49].  
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therefore, in turn, decelerated. The atomization medium is also decel
erated by gas from the surrounding environment entrained into the jet. 
As the gas phase velocity is below the velocity of the droplets, the mo
mentum is transferred from the droplets to the gas phase. The density of 
the droplets is 3 orders of magnitude higher than the density of the gas 
phase. Therefore, the droplets are centers of high inertia. As the moving 
mass of the gas increases significantly in the axial direction from the 
nozzle and the mass of the droplets remains constant, the influence of 
the droplets decreases with increasing axial distance from the nozzle. 

The droplets may also influence the turbulence structure of the gas 
phase and therefore the entrainment of the jet. Large droplets may 
enhance the turbulence level of the gas phase, due to the vortex shed
ding phenomena. Small droplets may decrease the turbulence of the gas 
phase due to damping effects by the inertia of the droplets 
[33,34,53–55]. 

Two-phase free jets have received little attention in the literature, 
which is also reflected in the lack of systematic measurements [56]. Due 
to the limited experimental data available, only fragmented descriptions 
of single effects are to be found in the literature, rather than a 
comprehensive description of the two-phase free jet. The present work 
provides experimental data for the validation of computational models 
in order to gain a more complete understanding of the two-phase free 
jet. 

2. Methods 

2.1. Experimental set-up 

The two-phase free jet experiments are carried out in the Atmo
spheric Spray Test Rig (ATMO) under ambient conditions. The experi
mental set-up is shown in Fig. 2. Water emerging from the central orifice 
of an external-mixing twin-fluid nozzle is atomized using pressurized 
air. The water droplets and the atomization medium (pressurized air), as 
well as air entrained from the surrounding environment, form the two- 
phase free jet. The two-phase free jet is collected in a topless container. 
The container is equipped with a honeycomb structure in order to pre
vent droplets from recirculating and re-entraining into the jet. 

The pressurized air is enriched with a small amount (yHe,0 = 0.05 
mol/mole = 0.007 kg/kg) of helium as a tracer gas in order to 

distinguish the atomization medium and air entrained into the jet. The 
admixture of helium leads to a small density gradient between the air 
from the nozzle ρ0 and the environment ρ1 (ρ0/ρ1 = 0.994), which is 
considered in the equivalent nozzle diameter (see Eq. (4)). The local 
mixing ratio X, which was defined in Eq. (1), is determined from Eq. (7), 
with the mass concentration of helium in the atomization medium at the 
nozzle yHe,0 and local mass concentration of helium yHe(ζ, η). The helium 
mass concentration is derived from the gas concentration, which is 
measured with a micro gas chromatograph (µGC) system (Agilent-490 
Micro GC/MS5A). The tracer gas is selected, as the µGC systems features 
a high sensitivity for the detection of helium, due to the high thermal 
conductivity of the gas. The accuracy of the concentration measurement 
is in the range of 2 % of yHe,0, due to the helium-air admixture used for 
the calibration of the µGC. 

X(ζ, η) = yHe(ζ, η)
yHe,0

(7) 

The twin-fluid lance is movable vertically and the gas probe hori
zontally, thus concentration measurements can be performed at 
different radial and axial distance from the nozzle. The local tracer gas 
concentration yHe(ζ, η) is measured at 17 radial positions in the range of 
η = ±0.2 and additionally at η =±0.3. Radial profiles are measured at 5 
axial distances in the range of 10 ≤ ζ ≤ 50. 

In order to investigate the influence of the atomization process on the 
gas phase of the free jet, experiments are performed using 3 nozzles, 
which differ in terms of the size of the annular gas gap (see Table 1). The 

Fig. 2. Experimental set-up of the Atmospheric Spray Test Rig (ATMO) for measuring entrainment in a two-phase free jet [1].  

Table 1 
Nozzle dimensions and operating conditions of the gas phase for the 3 different 
nozzles applied for the two-phase free jet experiments.  

Nozzle 1 2 3 

dl/mm 2.0 2.0 2.0 
dg/mm 7.2 6.6 4.2 
deq/mm 6.6 5.8 3.0 
ṁg,0/kg/h 10.0 8.9 4.6 
ug,0/m/s 72 80 156 
İg,0/N 0.2 0.2 0.2 
Reg/1000 20.4 19.4 13.1  
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diameter of the central orifice for the liquid is constant for all nozzles. In 
order to maintain comparability among the experiments conducted, the 
momentum flow of the gas phase, which is the driving force of the free 
jet, is kept constant in all experiments (see Table 1). Therefore, the gas 
outlet velocity at the nozzle is adapted to the area of the annular gap Ag 

for the 3 different nozzles. The momentum flow of the liquid phase does 
not contribute significantly to the overall momentum, as the momentum 
flow of the liquid phase is two orders of magnitude smaller than the 
momentum flow of the gas phase. The momentum flow of the gas phase 
İg,0 is defined in Eq. (8). 

Following [57], the primary jet breakup can be classified, according 
to the operating conditions, into different atomization regimes. The 
operating condition of nozzles 1 and 2 lead to atomization in Fiber-type 
breakup with pulsating sub-mode. Operating conditions of nozzles 1 and 
2 are typical for gasification experiments conducted in the REGA gasifier 
[25]. In the pulsating sub-mode, the high momentum of the gas-phase 
amplifies interfacial waves on the liquid jet known as Kelvin- 
Helmholtz instability [58,59]. The gas phase draws ligaments off the 
primary liquid jet. In between the interfacial waves, large eddies are 
formed in the gas phase, which pushes the liquid ligament and also the 
liquid primary jet in radial direction, which is described as flapping 
[60]. Subsequently, the liquid disintegrated into smaller droplets to 
minimize the liquid surface known as Rayleigh-Plateau instability. The 
radial acceleration of the liquid disintegrating to droplets, leading to a 
wide spray angle [61] (see also Fig. 7). Primary breakup of the liquid jet 
emerging from nozzle 3 is in the Fiber-type regime with super-pulsating 
sub-mode, where no flapping of the primary liquid jet occurs. In super- 
pulsating sub-mode, the liquid primary jet is atomized instantly at the 
nozzle orifice. The interfacial waves are not formed on the liquid pri
mary jet and thus, no large gas eddies are present, which would push the 
liquid in radial direction. Super-pulsating sub-mode results typically in 
smaller droplets, due to higher aerodynamic forces compared to 
pulsating-sub-mode [57]. Fiber-Type breakup with pulsating and super- 
pulsating sub-mode is described in more detail in [62]. 

The influence of the liquid mass flow on the two-phase free jet is 
investigated for all 3 nozzles. As the momentum of the atomization 
medium is kept constant for all of the experiments, the liquid mass flow 
ṁl,0 is set according to the gas-to-liquid ratio (GLR) (see Eq. (9) varied 
from 0.5 to 1.5 with an increment of 0.25. 

Momentum flow of the gas phase at the nozzle: 

İg,0 = u2
g,0 • ρg,0 • Ag (8) 

Gas-to-liquid ratio at the nozzle: 

GLR =
ṁg,0

ṁl,0
(9)  

2.2. Data processing 

The radial profiles of the mixing ratio X(ζ, η) are determined from the 
measured values of yHe(ζ, η) with Eq. (7). Each radial profile of X is fitted 
to a Gaussian function of the type shown in Eq. (10) using the non-linear 
least-square solver lsqnonlin of Matlab® [63,64]. The coefficients in Eq. 
(10) represent the peak value of the profile (a), the central position of 
the profile (b) and the parameter, which represents the width (c) of the 
Gaussian curve. The radial position of the experimental data is shifted in 
radial direction using coefficient b, and so the peak of the profile is 
located on the axis. The quality of the fit is evaluated using the standard 
deviation given in Eq. (11) with the deviation ΔX of each value obtained 
from the experiment and Eq. (10) with fitted parameters a, b and c. 

X = a*exp

⎛

⎜
⎝ −

⎛

⎜
⎝

r
z − b

c

⎞

⎟
⎠

2 ⎞

⎟
⎠ (10)  

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1

n − 1
*
∑n

i=1
ΔX(ζ, η)2

√

(11)  

2.3. Determination of the parameter for the exchange of momentum ci 

The two-phase free jet model (2Ph-FJM) presented in [1], is based on 
the semi-empirical model of [48] given in Eq. (6). The parameter for the 
exchange of momentum ci in Eq. (6) is determined from the two-phase 
free experiments for 3 different nozzles (see Table 1). ci is obtained by 
minimizing the difference of the measured values of X, and X calculated 
from Eq. (6) using the non-linear least-square solver lsqnonlin of Mat
lab® [63,64]. In Eq. (6), the turbulent Schmidt number Sct is set to 0.75 
[48]. ζ and η are the axial and radial position. The quality of the fit is 
again evaluated, using the standard deviation given in Eq. (11), with the 
deviation ΔX of the each value obtained from the experiment and Eq. (6) 
with fitted parameter ci. 

3. Results and discussion 

Measurements are performed using the 3 different nozzles, each at 5 
axial and 19 radial positions for 5 different GLR (two-phase free jet) and 
air (single-phase free jet). Each radial profile of X is fitted to a Gaussian 
function of the type shown in Eq. (10). Fig. 3 shows the radial profile of 
nozzle 1 using GLR = 0.5 at the axial position z = 65 mm and the 
respective Gaussian function as example data. 

The standard deviation of the measured values and the fitted 
Gaussian functions is determined from Eq. (11) with the total number of 
measurements n = 1425 in the two-phase free jet. The standard devia
tion is calculated to be equal to σ = 0.0053. The small value of σ in
dicates, that the radial profiles of the mixing ratio in the gas phase of the 
two-phase jet can be represented by Gaussian functions to a good degree 
of approximation. For single-phase free jets, Gaussian functions are 
found for the concentration (mixing ratio) and velocity by many authors 
[5,7,42,43,65]. The investigation presented here confirms the charac
teristic to also be valid for the two-phase free jet. 

Fig. 3. Radial profile of the mixing ratio X determined from the experiment 
(nozzle 1, GLR = 0.5, z = 131 mm) and a fitted Gaussian curve. 
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For single-phase free jets (Fig. 4) and two-phase free jets (Fig. 5), the 
mixing ratio in the gas phase X at the centerline (η = 0 ) are plotted over 
1
ζ = deq/(z − z0). For each radial profile, X(η = 0) is determined using 
parameter a of the fitted Gaussian curve (see Eq. (10)). In the present 
study, the value of the virtual jet origin z0 is chosen to be constant and 
equal to z0 = − 3mm, which is in the range reported in the literature for 
nozzle 1–3 (see Section 1.2). Thus, the extrapolated lines connecting the 
measuring points in Fig. 4 and Fig. 5 result in good approximation in 
straight lines through the origin, the mixing ratio on the centerline is 
found to decrease inversely-proportionally to ζ for both single-phase and 
two-phase free jets. 

The slope of the straight lines are the values for Bc in Eq. (5). For the 
single-phase free jet (see Fig. 4), the values for Bc are determined to 5.74 
(nozzle 1), 5.67 (nozzle 2) and 4.44 (nozzle 3), which is in the range of 

± 10 % the values reported in literature (4.35 – 5.41) 
[9,38,40,41,48,50,51]. 

For the two-phase free jet (see Fig. 5), the liquid mass flow has been 
varied according to 0.5 ≤ GLR ≤ 1.5. No significant influence of the 
liquid mass flow or the GLR, respectively, on the mixing ratio of the gas 
phase is found. Therefore, a mean centerline decay rate is calculated 
from the 5GLR s for each nozzle. The centerline decay rates are equal to 
3.82 (nozzle 1), 4.05 (nozzle 2), and 4.44 (nozzle 3). 

For nozzle 3 (Fig. 5c), no difference between the single-phase free jet 
and two-phase free jet in terms of Bc is found. For nozzles 1 (Fig. 5a) and 
2 (Fig. 5b), the mixing ratio on the axis of the two-phase free jet de
creases faster with increasing axial distance than the mixing ratio of the 
single-phase free jet. We assume that the atomization process initiates 
the difference between nozzles 1 and 2 compared to nozzle 3, which is 
discussed at the end of this section. 

In Fig. 6, the local mixing ratios X(η, ζ) of all two-phase measure
ments conducted are multiplied by the axial distance ζ. The radial 
profiles measured at different axial distances form a cloud of points, 
which collapse close to a single line. This phenomenon is known as self- 
similarity of the free jet [3,5,6], which is common to the single-phase 
free jet (see Section 1.2). Therefore, self-similarity is also found for the 
two-phase free jet. 

The parameter for the exchange of momentum ci for the semi- 
empirical two-phase free jet model, which is presented in [1], is ob
tained by minimizing the difference in the measured values of X, and X 
calculated from Eq. (6) using a non-linear least-square solver (see Sec
tion 2.3). In order to prove the measuring concept, single phase free jets 

from the 3 nozzles are investigated (see Table 1). For each nozzle, one 
single value for ci is determined, representing all axial and radial posi
tions. The parameter for exchange of momentum ci for the single-phase 
free jet is determined for the 3 nozzles to be equal to 0.0681, 0.0692 and 
0.0771, respectively. These values are in good accordance with the 
literature value (ci = 0.07) [52] for single-phase free jets (see 
Section1.2). 

For the two-phase free jet, ci is also determined. Following the results 
given above, no influence of GLR is considered. Thus, for each nozzle, 
only one single value of ci is determined (see Fig. 6). The standard de
viation between the experimental data and the fitted free jet model is 
determined for all two-phase free jet measurements conducted to be σ =

0.035. The standard deviation of the free jet model (Eq. (6)) is one order 
of magnitude higher compared to that of the Gaussian function (see 
Fig. 3), as each single radial profile is fitted to the Gaussian function 
using the 3 parameters a, b, and c, whereas the free jet model (Eq. (6)) 
only uses a single parameter (ci) to represent the data measured with 
each nozzle (5 radial profiles, 5GLR s). However, the low value of σ =

0.035 shows that the free jet model (Eq. (6)) with fitted values of ci for 
each nozzle reproduces the measured values of the mixing ration in the 
gas phase of the two-phase free jet to a good degree of approximation. 

For the single-phase free jet, the parameter for the exchange of 
momentum, which represents the spreading of the gas jet, is a constant. 
For two-phase free jets, ci depends on the nozzle configuration and the 
operating conditions. The value of ci for nozzle 3 (ci = 0.0776) is close 
to the value for a single-phase from the literature (ci = 0.07), whereas 
the values for nozzles 1 and 2 (ci = 0.0856; ci = 0.0870) differ 
significantly. In Fig. 5, the same difference between the single-phase and 
two-phase free jet is apparent in the centerline decay. We assume that 
the atomization process initiates the difference of ci for the two-phase 
experiments with nozzles 1 and 2. In order to investigate this phenom
enon, high-speed camera imaging is used to obtain visual information of 
the atomization process for each nozzle and GLR. 

The primary jet breakup can be classified according to the nozzle 
dimensions and the operating conditions into different atomization re
gimes. Operating condition of nozzles 1 and 2 lead to the atomization in 
Fiber-type breakup with pulsating sub-mode. In this sub-mode, the 
liquid core is moved periodically in radial direction, which causes a 
radial acceleration of the droplets and a wide spray angle (see Fig. 7) 
[57,61]. The frequency of the liquid jet’s periodic movement was 
determined for nozzles 1 and 2 to 240 ± 10 Hz from high-speed camera 
images. The frequency is mainly influenced by the gas velocity at the 

Fig. 4. Mixing ratio on the centerline of the single-phase free jet measured with nozzle 1–3 and from literature [9,38,40,41,48,50,51].  
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nozzle orifice, which is 72 m/s for nozzle 1 and 80 m/s for nozzle 2, 
respectively. The frequency detected is in good accordance to Delon 
et al. [60] measuring frequencies in the range of 200 – 300 Hz for similar 
nozzle geometries and gas outlet velocities between 65 and 90 m/s. 

The spray angle θ was obtained from measurements of the liquid 
mass flux using a mechanical patternator [35]. The spray angle was 
defined as the radial position, where the local mass flux is reduced to 5 % 
of the liquid mass flux at the center of the spray. The spray angle of 
nozzles 1 and 2 is determined to approximately 40◦ and for nozzle 3 to 

26◦, respectively (see Fig. 7). In the slipstream of the droplets, gas from 
the center of the free jet is transported in radial direction. Therefore, the 
radial movement of the droplets may also enhance radial mixing and 
therefore entrainment of the gas phase, which results in an increase of 
ci. Primary breakup of the liquid jet emerging from nozzle 3 is in the 
Fiber-type regime with super-pulsating sub-mode. In this sub-mode, 
radial acceleration of the liquid primary jet is not observed. The value 
of ci determined in the experiments is close to that of single-phase free 
jets reported from literature Furthermore, typical droplet diameters for 

Fig. 5. Comparison of the mixing ratio on the centerline between the single-phase free jet and the gas phase of the two-phase varying GLR for a) nozzle 1, b) nozzle 2 
and c) nozzle 3. 
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the operating conditions chosen for nozzles 1 and 2 are larger as 
compared to droplet diameters using operating conditions of nozzle 3. 
Large droplets enhance turbulence and therefore radial mixing due to 
the vortex shedding phenomenon [55]. Close to the nozzle, particle size 
and relative velocity between gas phase and droplet are in the range, 
where vortex shedding may occur. Typical particle sizes for nozzle 3 are 
small compared to nozzles 1 and 2. In order to create the droplet surface 
during the atomization, energy is required, which is provided by the 
kinetic energy of the atomization medium. However, the kinetic energy 
provided by the atomization medium is 2–3 orders of magnitude higher 
than the energy required for the generation of new droplet surface thus 
has only minor effect. Furthermore, the disperse phase can influence the 
turbulence structure of the gas phase and therefore the mixing in the gas 
phase [56]. 

4. Conclusion 

This paper presents measurements of the local mixing ratio in the 
gas-phase of a two-phase free jet at ambient conditions. The mixing ratio 
of the gas phase represents entrainment in the gas phase. The mixing 
ratio is determined at several radial and axial positions for 3 different 
external-mixing twin-fluid nozzles. In the experiments, water is atom
ized by pressurized air, which is enriched with helium as a tracer gas. 
The mixing ratio in the jet is determined by a concentration 

measurement of helium. Different gas-to-liquid ratios for the two-phase 
free jet and a single-phase free jet using only pressurized air are inves
tigated for each nozzle. 

Common characteristics between the gas phase in the two-phase free 
jet and the single-phase free jet have been found. First, the radial profiles 
of the mixing ratio of two-phase free jet are found to be of Gaussian 
shape (see Fig. 6). Second, the mixing ratio on the axis of the two-phase 
free jet is found to decrease inversely-proportionally to the axial dis
tance ζ (seeFigure 5). Third, the two-phase free jet is found to show self- 
similarity (see Fig. 6). For nozzles operated in the atomization regime 
with super-pulsating sub-mode, no difference between the mixing ratio 
of the gas phase in the two-phase free jet and a single-phase free jet has 
been detected. For operating conditions in the atomization regime with 
pulsating sub-mode, entrainment in the gas phase of the two-phase free 
jet is increased compared to the single-phase free jet. The spray angle for 
both sub-modes has been determined using a mechanical patternator 
(see Fig. 7). In the pulsating sub-mode, the spray angle is significantly 
larger than in the super-pulsating sub-mode, which may also enhance 
entrainment in the gas phase. For quantitative evaluation, further in
vestigations are necessary. For the two-phase free jet, the liquid mass 
flow has been varied. No further influence of the liquid mass flow on the 
mixing ratio of the gas phase is found (see Fig. 5). 

The experimental data is also used to determine the empirical pa
rameters for the exchange of momentum (ci) of the two-phase free jet 

Fig. 6. Measured mixing ratio of the gas phase (all measurements conducted) and free jet model (Eq. (6)) with fitted parameter for the exchange of momentum ci for 
the 3 nozzles investigated. 

Fig. 7. High speed camera (Photron FastCam SA4) images of the primary jet breakup for nozzle 1 – 3 at GLR = 1.00 and the spray angle θ determined with a 
mechanical patternator. Nozzle 1 and nozzle 2: Fiber-type pulsating; nozzle 3: Fiber-type super-pulsating. Camera setting are chosen according to [66]. 
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model for the simulation of the flame structure in an entrained flow 
gasifier [1]. Measuring data of the mixing ratio is available on Mendeley 
data as supplementary material of the present research (https://doi. 
org/10.17632/t66f8swg6w.1) [2]. 
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