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Abstract 

This work explores the combination of direct numerical simulations (DNSs) and experimental 

approaches for studying technical emulsification processes. Although emulsions have long been 

used in a variety of industries and many important research papers have been published over the 

years, quantifying and predicting the dispersion of droplets in another liquid remains challenging 

because of the complex multiphase nature and microscopic droplet scales. This study focuses on 

water-in-gasoline emulsions, which have the potential to improve efficiency and reduce emissions 

in combustion-based power generation. Experimental data from two different emulsion injection 

systems are complemented with DNS to gain insight into emulsification and the resulting 

droplet size distribution. In situ shadow imaging is used to acquire the experimental droplet size 

distributions, whereas DNS is performed via the geometric volume of fluid (VoF) method with 

the open-source code PARIS. The results indicate consistent agreement between the experimental 

and simulation results. Additionally, a corresponding trend of increasing droplet size is observed 

as the volume fraction of the dispersed phase increases. Furthermore, a detailed analysis of 

various probability density functions for modeling droplet size distributions (DSDs) reveals that 

the gamma distribution is the most appropriate. Overall, this work demonstrates that DNS 

can be successfully combined with experiments to increase the understanding of emulsification 

processes.   
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1 Introduction 

Emulsions and other dispersed liquid‒liquid multiphase 
flows have been extensively studied over the years because 
of their high relevance in the chemical, food, oil and 
pharmaceutical industries (see, e.g., Angardi et al., 2022; 
Plasencia et al., 2022; Rayner and Dejmek, 2015; Spernath 
and Aserin, 2006). The emulsification process can be divided 
into two substeps. The fragmentation of the droplets of the 
dispersed phase and subsequent stabilization by emulsifying 
agents prevent coalescence and segregation. Energy input 
from the flow field is required for droplet breakup. These 
disintegrating forces compete with the interfacial tension 
forces and the viscosity forces of a drop. If the former 
predominates, the droplet is deformed and, depending on 
the level and duration of the stress, ultimately breaks up. 

This is a very complex process due to various influencing 
factors from both phases and the flow field, which, in most 
technical applications, is three-dimensional and turbulent. 

Many studies have been conducted to understand the 
basic principles of droplet breakup in turbulent flows.  
They are often based on a formulation of a critical Weber 
number in conjunction with the empirical correlations 
proposed by Hinze (1955) to calculate the maximum 
stable droplet diameter, which cannot be broken up by 
turbulence. The forces relevant for droplet breakup in 
homogeneous isotropic turbulence (HIT) are defined as the 
mean squared velocity difference at a distance equal to the 
droplet diameter. Several studies have been published that 
discuss and extend the basic Hinze model (Crialesi-Esposito 
et al., 2023; Hesketh et al., 1987; Krzeczek et al., 2023; 
Sleicher, 1962). 
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In recent years, the ever-increasing capability of 
computational power has led to various numerical studies 
on this topic. Many publications have focused on the 
behavior of emulsions in response to varying physical 
parameters via direct numerical simulations (DNSs). For 
example, numerical methods have been employed to 
investigate the influence of the volume fraction on the breakup 
and coalescence processes of emulsions (Crialesi-Esposito 
et al., 2022; Mukherjee et al., 2019). For example, Perlekar 
et al. (2012) reported good agreement with the Hinze 
model at low dispersed phase volume fractions via their 
simulation. Further numerical work concerns the change in 
material parameters or the impact of varying flow dynamics, 
represented by Weber and Reynolds numbers. Begemann 
et al. (2022) investigated the influence of the turbulence 
intensity and surface tension on emulsions with the forcing 
method used in this work. On this basis, Krzeczek et al. 
(2023) investigated the influence of the density ratio on 
turbulent emulsions, confirmed and extended the formulation 
of the Hinze model derived by Hesketh et al. (1987), and 
supplemented the analyses of the segregation process by 
Trummler et al. (2022). 

Moreover, efforts have been made to compare numerical 
findings with experimental results to better understand 
droplet breakup. Håkansson et al. (2022) compared 
numerical and experimental results and characterized the 
critically deformed state of small viscous drops during 
turbulent breakup in emulsification processes. Olad et al. 
(2023) compared droplet breakup in two different settings, 
homogeneous and isotropic flow, and a simplified 
high-pressure homogenizer through numerical experiments. 
They reported correlations between the breakup time  
and the Weber number and summarized similarities and 
differences between experiments and numerical analyses. In 
previous works, Deberne et al. (2024) numerically analyzed 
droplet breakup under turbulent flow with moderate 
Reynolds and Weber numbers. The study confirmed a 
four-stage breakup process and described the final stages 
of this process with shape parameters, matching the 
previous findings of both experimental and numerical 
investigations. 

With respect to technical applications, work has focused 
mainly on emulsification in high-pressure homogenizers 
(Stang et al., 2001) or stirred vessels (Maaß et al., 2012). 
Since emulsifiers are mandatory for long-term stability, 
little effort has been made to investigate nonstabilized 
emulsions. However, some related work has been published 
on dispersed water‒oil pipe flow without the use of surface 
active agents (Galinat et al., 2007; Schümann et al., 2016). 
For example, Angeli and Hewitt (2000) carried out droplet 
size distribution measurements in a pipe, investigating the 
influence of the pipe material and correlating the results 

with the Hinze model and extensions of it. 
The work presented here focuses on nonstabilized 

water-in-gasoline emulsions. They are promising technologies 
that can help achieve CO2 neutrality and minimize pollutant 
emissions for combustion-based transportation. The main 
mechanism behind this possibility is internal cooling of 
the engine by the evaporation of water. Owing to the 
lower temperature of the cylinder charge at the end of the 
compression stroke, the tendency of abnormal combustion 
events, known as “engine knock”, which can damage  
the engine, can be avoided. Combustion phasing can be 
advanced toward the point of maximum efficiency, exhaust 
gas temperatures are thereby reduced, and the injection of 
surplus fuel (rich air‒fuel mixture) to avoid temperature- 
related damage to components in the exhaust system is  
no longer needed. Moreover, pollutant emissions are also 
positively affected by the addition of water (Akehurst et al., 
2019; Gern, 2021; Rohit et al., 2017). The use of emulsions 
to introduce water to the combustion process is not new. 
Peters and Stebar (1976) investigated the influence of this 
phenomenon in the 1970s by feeding stabilized water-in- 
gasoline emulsions with up to 40% water to a test engine. 
They identified positive influences on the emission behavior 
and the knock limit of the engine but also reported that the 
emulsifier used has a negative effect on those parameters. 

Gasoline–water direct injection (GWDI) is the approach 
followed in this work, which is different since the emulsion 
is produced directly in the injection system of the engine. 
This makes it possible to dispense with the use of emulsifiers. 
Although the thermodynamic potential of this concept has 
been proven (Durst et al., 2017; Heinrich et al., 2018; 
Hermann et al., 2018), many unanswered questions remain 
regarding such emulsions. The quality of emulsions produced 
in GWDI systems affects the subsequent atomization 
process and, ultimately, engine operation. Therefore, it  
is necessary to quantify emulsion formation, emulsion 
properties, and emulsion stability. Only a few studies address 
this topic. Sazonov et al. (2019) conducted qualitative 
analyses to obtain information about the segregation 
behavior and the influence of ethanol in the fuel on the 
emulsion. Problems during engine operation with GWDI 
were identified by Hermann et al. (2017). An optimized 
injection system design to prevent segregation and optimize 
the system response under transient operation was proposed 
by Durst et al. (2017). 

In our study, water-in-gasoline emulsions were quantified 
on the basis of the droplet size of the dispersed phase, which 
is the most important quality parameter of emulsions.   
To examine this experimentally, different techniques have 
been developed. Often, laser-based methods, such as laser 
diffraction or laser back-scattering, are used (Maaß and 
Kraume, 2012; Simmons, 2000). Moreover, microscopic 
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imaging techniques are often applied (Boxall et al., 2010). 
However, these methods are limited by the opaque emulsion 
appearance at technically relevant dispersed phase volume 
fractions. Therefore, sampling and dilution are often 
mandatory steps. In our case, this is not possible because of 
the nonstabilized emulsion, which needs to be quantified 
directly in the injection system to avoid unwanted 
segregation influences. 

From a simulation point of view, it is also a very 
challenging task to model droplet breakup behavior and 
resolve single droplets. DNSs that require high computational 
effort are able to resolve the turbulence spectra responsible 
for droplet breakup. However, these simulations are limited 
to simplified geometries owing to the high number of cells 
required and to idealized flow conditions such as HIT. 

On the basis of the previous explanations, experiments 
and simulations are clearly limited by various factors. The 
main goal of this study is, therefore, to compensate for 
these effects by combining DNS and experiments to obtain 
a deeper understanding of the emulsification process and 
the resulting properties of water-in-gasoline emulsions. 
This includes qualitative analysis of the droplet shape and 
quantitative analysis of the droplet size distributions. 
Moreover, we investigate the possibility of describing these 
distributions with various probability distribution functions 
found in the literature. 

2 Experimental setup 

Experiments were conducted on an injection system test 
bench specially developed for emulsion investigations.  
In the following, the two prototype injection systems are 
described, and the experimental methodology is discussed. 

2.1 Injection systems 

Schematic illustrations of both GWDI systems are presented 
in Fig. 1. The systems are shown in a four-cylinder layout 
because engine testing is conducted on a four-cylinder 
engine. Standard gasoline direct-injection components are 
used for simplicity: a low-pressure fuel-feeding system,   
a high-pressure fuel pump, a common rail for damping 
pressure oscillations and fuel injectors. Typically, emulsions 
are stabilized by surfactants, which can increase the lifetime 
of emulsified products for months or years. For GWDI, no 
emulsifiers are used because of the low temporal stability 
required and the negative influences of some surfactants, 
such as deteriorating engine combustion (Heinrich et al., 
2017; Peters and Stebar, 1976). 

The single-high-pressure pump (Single-HPP) concept 
is a rather simple setup without any major modifications 
to the high-pressure part of the system. A single mixing  

 
Fig. 1 Simplified illustration of both GWDI systems: (a) single-HPP 
system and (b) on-injector system. The red color denotes gasoline, 
the blue color denotes water, and the purple color denotes 
emulsion. 

chamber upstream of the high-pressure pump is responsible 
for the water admixture. Water is injected into the fuel flow 
by an injection valve normally used for gasoline. Its opening 
period controls the water volume fraction. Emulsification 
has been demonstrated to be a two-stage process (Blau 
et al., 2022). First, a coarse emulsion is produced by jet 
disintegration of the water in the mixing chamber. Then, 
further droplet fragmentation occurs in the single-piston 
high-pressure pump, probably at the inlet and outlet valves 
of the pump cylinder, where high flow velocities and, most 
likely, increased turbulence are present. Similar concepts 
have already been proposed in the literature (Durst et al., 
2017; Hermann et al., 2017). 

The on-injector system, on the other hand, is a more 
sophisticated approach. The goal was to introduce water as 
close as possible to the emulsion injectors to minimize 
dead times and to ensure that each engine cylinder received 
the right amount of water. The system is composed of two 
high-pressure systems, one for gasoline and one for water. 
The emulsion is produced in mixing chambers upstream of 
the injectors, separately for each engine cylinder. The water 
is injected into the gasoline flow at a 50 bar higher pressure 
level. Like in the single-HPP approach, the opening duration 
of the water valves controls the water volume fraction. 
Droplet break-up is based primarily on the disintegration 
of water jets in gasoline. 

The main differences between the two approaches are 
the system complexity, the type and place of emulsification, 
and the size of the emulsion-filled volume. Therefore, the 
emulsion properties are expected to vary between the 
systems. 

2.2 Experimental methods 

There are different measurement methods available for 
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analyzing the droplet size distribution in dispersed liquid/ 
liquid systems. These methods often involve taking samples 
and diluting them, especially when certain optical methods 
are employed. However, such techniques are not suitable 
for this purpose because of the low temporal stability of 
nonstabilized water-in-gasoline emulsions. Therefore, an 
in situ measurement setup was developed, comprising a 
shadowgraph imaging system and a flow-cell for optical 
access to the high-pressure injection system. The cell is 
designed for pressures up to 200 bar, corresponding to the 
maximum system operating pressure. It consists of a steel 
cage and special borosilicate glass windows. The optically 
accessible flow cross section is rectangular. The channel 
is 0.5 mm deep along the optical axis to achieve the most 
efficient illumination of the flow. Bypasses above and 
below the channel defined by the glass windows expand the 
flow cross-section overall to similar values as the piping 
from the rail to the injectors, in which the cell is integrated. 
The shadow imaging system from LaVision consists of 
three main components: an illumination unit on one side 
of the flow cell, a camera with a far-field microscope on the 
opposite side and a control unit. The Imager CX-5 camera 
has five megapixels and a maximum frame rate of 83 Hz 
at 12 bits. An Infinity K2 Distamax far-field microscope 
with a CF2 objective attached to the camera allows a 
magnification of 2.7−1.5 at working distances from 140 to 
200 mm. An LED flashlight Inspex with a minimum pulse 
duration of 100 ns is used for illumination. The camera and 
the light sources are triggered by the PTU X control unit. 
The operating parameters are set on the PC within the 
DaVis 10.2 software from LaVision. 

Droplet detection and sizing are performed via the 

ParticleMaster Shadow software package within DaVis. 
The droplets are detected via image segmentation. First, the 
raw images are normalized and then binarized. Filters 
can be applied to adjust the detection characteristics. These 
settings were iteratively adjusted to achieve optimal droplet 
detection for the emulsion images. The parameters must 
remain constant across all measurement points, as any 
adjustment could bias the resulting size distributions and 
render comparisons invalid. After detection, the diameter 
of a drop is calculated on the basis of the corresponding area 
in the image under the assumption of a spherical shape. 
This method does not produce a significant error since the 
emulsion droplets all exhibit a virtually spherical shape, as 
shown in Fig. 5(a). For volume distributions, the droplet 
volume is calculated from its diameter. The size distributions 
were determined on the basis of 150 individual images 
per measuring point. This represents a good compromise 
between a low statistical deviation of the measured values 
and data manageability. 

For emulsion investigations, an injection system test 
bench was developed, enabling operation independent of 
the combustion engine. The test bench is integrated into 
the laboratory’s own fuel supply system. At the gravimetric 
fuel scale, gasoline flows into the test bench’s fuel supply 
system, which consists of a pump, a pressure regulator, and 
a filter. The water supply is ensured by a storage tank next 
to the test rig. From there, the water flows via a gravimetric 
scale to determine the mass flow into the supply system, 
which is equipped with the same components as the fuel 
system. Figure 2 provides an overview of the on-injector 
test layout. The high-pressure pumps are driven by an 
electric motor. The water is pumped with a flow-controlled 

 
Fig. 2 Test bench layout in the on-injector configuration. 
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pump. The fuel is brought to the injection pressure level via 
a two-piston pump with an external pressure control valve. 
The test bench is equipped with various temperature and 
pressure sensors for monitoring and ensuring constant 
conditions. On the test bench, a single-cylinder configuration 
is implemented, as a multicylinder setup is not required for 
the current investigations. The flow-cell is implemented 
downstream from the mixing chamber immediately after 
emulsification, which is the final state before atomization 
by the emulsion injector. 

The injection systems are controlled by a rapid-prototyping 
engine control unit. The test cases were chosen to represent 
engine operating points relevant to water injection. The 
injection frequency was set to 25 Hz, which corresponds to 
an engine speed of 3000 r/min. The fuel flow rate was fixed, 
and the water flow rate was adjusted to achieve the desired 
dispersed phase volume fraction. The fuel system pressure 
set point was 150 bar. 

3 Computational method and procedure of the 
simulation 

The simulations are conducted via the open-source code 
PARIS (PArallel, Robust, Interface Simulator) (Aniszewski 
et al., 2021), which uses the one-fluid formulation of the 
incompressible Navier‒Stokes equations. The continuity and 
momentum equations can be written as 

 u
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Here, μ denotes the dynamic viscosity, p the pressure, ρ the 
density, u the velocity vector, γ the interfacial tension 
coefficient between the carrier and dispersed fluid, and g 
the gravitational acceleration vector. In each computational 
cell, density and viscosity are linearly interpolated via the  

local volume fraction α of the dispersed phase, which is 
determined via the geometrical volume-of-fluid (VoF) 
method. The surface tension force is calculated by employing 
the continuous surface force (CSF) approach of Brackbill 
et al. (1992), which is computed with an advanced height 
function technique by Popinet (2009). The VoF marker 
function is performed via a geometric interface reconstruction 
algorithm. Spatial discretization is achieved with a cubic, 
equidistant grid. The Poisson equation for pressure is solved 
via the projection method with overrelaxation (SOR). 
Temporal derivatives are calculated via a second-order 
predictor–corrector approach. The convective term in the 
momentum equation is approximated by the third-order 
quadratic upstream interpolation for convective kinematics 
(QUICK) scheme, whereas the viscous term is discretized 
via second-order central differences. 

First, using a modified linear forcing method by 
Begemann et al. (2022), a statistically steady state is created 
for the carrier phase. Then, the dispersed phase is initialized 
in the form of droplets. Further forcing generates a 
homogeneous isotropic state (HIT) of the emulsion. The 
DNS procedure is illustrated in Fig. 3. 

3.1 Method for droplet detection 

A central role in this work is to evaluate the droplet size 
distributions. An algorithm proposed by Chan et al. (2021) 
is used to detect droplets in the VoF field. The threshold 
value, which indicates how large the volume fraction in a 
cell must be to be assigned to the dispersed phase, is set 
to 0.1 since this value is suggested to be the best for our 
configurations (cf., Chan et al., 2021). The droplet diameter 
is calculated on the basis of volume while assuming 
sphericity. The smallest occurring diameter in the statistical 
distribution of droplets is determined via the criterion 
suggested by Ling et al. (2015), which is defined as 

min 4 /d L N= . Droplets with diameters smaller than mind  
are not resolved well enough by the VoF method, as 
mentioned in Ling et al. (2015), Mukundan et al. (2021)  

 
Fig. 3 Simulation setup: (a) single-phase forcing, (b) initialization of the droplets of the disperse phase, (c) turbulent emulsion in the
statistically steady state. 
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and Trautner et al. (2023). Notably, the resolution in this 
work was high enough to select and resolve all the droplets. 
Thus, no drops were removed. 

4 Comparability of the simulation and experiment 
results 

The fluid parameters of the experiment were measured, 
and the DNS values were adjusted accordingly to ensure 
similar conditions. Additionally, the degree of turbulence 
and the forces acting on the droplets must be comparable. 
However, owing to the complex flow conditions in the 
mixing chamber of the on-injector system and the high- 
pressure pump in the single-HPP system, where droplet 
fragmentation and emulsion formation occur, the pipe flow 
upstream of one of the emulsion injectors, where the 
flow-cell is located, was taken as a reference. These flow 
conditions are virtually identical for both injection systems. 
Owing to the periodic opening and closing of the injector, 
the pipe flow is unsteady. On the basis of the flow rate of 
the emulsion injector, a mean flow velocity of 2.8 m/s in a 
circular pipe with a diameter of 3 mm can be estimated 
when the injector is open and the flow is established. 

To describe the deformation and break-up of the 
droplets, we consider the Hinze scale Hd . It is defined as 
the diameter of the smallest stable bubble or droplet that 
can withstand the forces applied by the surrounding flow 
field in homogeneous isotropic turbulence; see Hinze (1955). 
Hesketh et al. (1987) derived Eq. (3) for liquid‒liquid 
dispersions in horizontal pipelines, which was also proven 
to be accurate for a similar numerical case by Krzeczek et al. 
(2023): 

 
3/5 3/5 1/5

d,crit c d2/5
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c2
We ρ ρd

γ ρ

- -
-
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where   is the dissipation rate, cρ  the density of the 
carrier phase, γ  the interfacial tension between water and 
gasoline, and d,critWe  the critical Weber number, which is 
assumed to be 1.17 following Hinze (1955). This number 
was confirmed in previous numerical work (Perlekar et al., 
2012) and experimental studies (Yi et al., 2021). 

To define an experimental Hinze scale, the dissipation 
rate is evaluated via the formula given in Hesketh et al. 
(1987): 

 
32 fv

D
= =   (4) 

where D is the pipe diameter. 0.25
c0.079/f Re=  denotes the 

friction factor, assumed to be represented by the Blasius 
relation, as in Hesketh et al. (1987). cRe  is the carrier-phase 
Reynolds number. 

To compare the degree of turbulence, we use the turbulent 
Reynolds number, which can be expressed as 

 t
t

c

L uRe
ν

¢
=  (5) 

where tL  is the integral length scale, u¢  is the velocity 
fluctuation, and cν  is the kinematic viscosity of the carrier 
phase. tRe  describes the ratio of inertial to viscous forces 
and provides information on the degree of turbulence of 
the emulsion. For the experimental value, the velocity 
fluctuation u¢  is assumed to be ten percent of the mean 
velocity, and the turbulent length scale is assumed to be 1/4 
of the pipe diameter. The turbulent Ohnesorge number  
is also presented, which relates the viscous forces to the 
inertial and surface tension forces 

 d
t

d t

μOh
ρ γL

=  (6) 

where dμ  is the dynamic viscosity of the disperse phase, 
dρ  the density of the disperse phase, γ  the interfacial 

tension between gasoline and water, and tL  the turbulent 
length scale. 

The constant parameters for DNS and the experiment 
are compared in Table 1. To ensure comparability, the 
Hinze scales Hd  were normalized using the length S, which 
represents the pipe diameter in the experiment and the 
domain length in the simulation. Standard gasoline with  
an ethanol content of 5.6% and deionized water were used 
for the experiments, and the relevant fluid properties ρ , 
η , and γ  were measured. All the turbulent quantities in 
Table 1 are higher for the simulation but still at the same 
order of magnitude. These differences arise from the many 
assumptions that must be made to quantify the experimental 
conditions. 

The turbulent kinetic energy (TKE) in the DNS is set 
to 2 20.5 m /sk = , which creates turbulent conditions 
comparable to those of the turbulent pipe flow in the 
experiment. The influence of the TKE on the DSDs is 
shown in Fig. 12 and discussed in the Appendix. Following 
Rosales and Meneveau (2005), the integral length scale 
is t 0.2L L= , where 2π mL =  is the domain size. A square 
domain with periodic boundary conditions was employed to 
generate the turbulent emulsion. The dissipation rate is 

2 30.153 m /s= . The grid resolution was determined on the 
basis of the criterion ( )K1.5 / πN L η³  (Pope, 2001), where   

Table 1 Physical parameters of the experiment and DNS 

 (N/m)γ d c/ν ν  d c/ρ ρ  tRe  tOh  H /d S

DNS 0.027 2.28 1.34 726 14.3×10−3 0.026

Experiment 0.027 2.28 1.34 484 7.0×10−3 0.078
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Kη  represents theKolmogorov microscale and 1024N =  
denotes the cell count in one direction. 

We compare the droplet size distributions at two different 
water volume fractions,  2.6%=  and  5.3%= . 

  d

d c

V
V V

=
+

 (7) 

5 Results and discussion 

In this section, the results of this study are discussed. First, 
some details of the experimental findings are presented, 
followed by a comparison with the numerical data and an 
analysis of the statistical distribution functions for describing 
the volume distributions. 

5.1 Injection system comparison 

As mentioned in Section 2.1, the emulsification process is 
different in both injection systems. The main motivation 
behind the experimental work generally lies in identifying 
influences on the emulsion droplet size and understanding 
any differences arising from the system layout. A summary 
of the experimental findings is given here. Supplementary 
insight can be found in Blau et al. (2023). 

Figure 4 shows the volume size distributions at different 
water volume fractions for both GWDI systems. The 
emulsion was measured upstream of the emulsion injector. 
This point differs in both systems regarding the time the 
emulsion has spent in the injection system. The period is 
significantly greater in the single-HPP system. After the 
droplet breakup in the high-pressure pump, the measurements 
show that the droplet size actually increases due to 
coalescence, most likely occurring in the emulsion rail. This 
can be explained by the comparatively low flow velocities 
and high residence times in this component, which promote 
emulsion segregation. In the on-injector system, on the  

 
Fig. 4 Comparison of volume density distributions at water 
volume fractions of 2.6% and 7% between the single-HPP system 
and the on-injector system at 150 bar system pressure. 

other hand, droplet breakup has just taken place upstream 
of the measuring point in the mixing chamber. Here, any 
segregation processes are assumed to be less dominant 
because of the shorter time scale. 

The resulting droplet size distributions are plotted in 
Fig. 4. A comparison of the two systems at a dispersed phase 
volume fraction of 2.6% indicates a narrower distribution 
for the single-HPP approach, with a higher peak at 34 μm. 
The distribution of the on-injector system also peaks at  
34 μm but has a much smaller amplitude. Moreover, the 
spread of the distribution is larger, with a larger fraction at 
droplet diameters above 42 μm. This finding indicates that 
emulsification in the on-injector system leads to larger 
droplets. At a volume fraction of 7%, both distributions are 
shifted toward larger diameters, and they have a wider spread. 
Comparing the two systems, the single-HPP distribution is 
narrower, with a higher peak at 42 μm. However, overall, 
the differences between the distributions are smaller than 
those at low volume fractions. 

These results indicate that the distributions are shifted 
to smaller droplet diameters in the single-HPP system 
than in the on-injector approach despite the segregation 
occurring after emulsification. This is because the droplet 
breakup in the high-pressure pump is more intense than 
the jet disintegration of the water in the mixing chamber of 
the on-injector system. In fact, the droplets are initially so 
small that this compensates for the segregation in the rail, 
and the resulting droplets are still smaller. 

An overall increase in droplet size with increasing water 
volume fraction was observed in both systems throughout 
the investigated range. This can be explained by an increased 
coalescence rate. A higher dispersed phase volume fraction 
is associated with an overall increased droplet quantity. 
More droplets collide and ultimately converge due to the 
nonstabilized interface. 

Summarizing all the insights based on the experimental 
emulsion analysis, it can be concluded that the emulsion in 
the injection system is influenced not only by the system 
design and the water volume fraction but also by operating 
parameters such as pressure and flow rate (Blau et al., 2022, 
2023). The observed differences between the two systems 
are relatively small in terms of the absolute droplet size. 
Whether these factors influence the emulsion spray 
properties is currently being investigated via experimental 
spray droplet size analysis. 

5.2 Comparison of the numerical and experimental 
results 

In this section, the experimental and numerical results are 
compared. First, an introductory comparison is made on 
the basis of the Sauter mean diameter (SMD) and the 
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Ohnesorge number 32dOh  calculated with the SMD as a 
representative droplet size to relate the fluid properties to 
the results. 

The Sauter mean diameter describes a mean droplet 
size with the same volume-to-surface ratio as the sum of all 
droplets and is defined by Eq. (8): 
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where dV  represents the dispersed phase volume and A 
the surface area between the dispersed and continuous 
phases. 

In Table 2, the Ohnesorge number and 32d  values  
are shown. Here, the Sauter mean diameter is normalized 
by the length S to address the different size scales in the 
experiment and simulation. A comparison of the experimental 
and simulation values indicates that the droplets are 
significantly larger in proportion to the domain length and, 
accordingly, the pipe diameter in the experiment. However, 
the SMD increases in the same proportion as the dispersed 
phase volume fraction increases in all investigated cases. 
This implies that the DNS shows the same behavior regarding 
coalescence because the dispersed volume fraction increases. 
If one compares the SMD with the Hinze scale in Table 1, 
the value for the DNS is clearly smaller than the resulting 
Sauter mean diameters. This implies that the normalized 

Hd  does not predict the maximum stable diameter for the 
simulation case since it lies within the distribution. This is 
often observed in numerical studies (e.g., Crialesi-Esposito 
et al., 2022; Mukherjee et al., 2019). On the other hand, the 
experimental Hinze scale is much greater than the resulting 
Sauter mean diameter and is approximately twice as large 
as the largest droplets detected. This is an indication that 
the turbulence in the pipe is not strong enough to further 
break the droplets. More insight into this is given in 
Section 5.2.1, where the droplet shape is also taken into 
account. The resulting Ohnesorge numbers in Table 2 are 
very similar for the experiments and the DNS, which 
indicates that the influence of the fluid parameters on the 
droplet size is concordant. In combination with the details  

Table 2 Comparison of the investigated configurations and the 
resulting Oh  and 32d  values 

System   32dOh  32 /d S  

2.6% 0.036 0.032 
DNS 

5.3% 0.033 0.038 

2.6% 0.033 0.011 
On-injector 

5.3% 0.032 0.012 

2.6% 0.035 0.010 
Single-HPP 

5.3% 0.033 0.012 

in Section 4, the turbulence levels responsible for droplet 
breakup in the simulation and experiment are roughly 
comparable. 

5.2.1 Sectional images 

Considering that experimental images of the emulsion 
are available and that VoF-field images can be extracted 
from the simulation, a visual comparison is conducted. The 
experimental image was taken in the on-injector system 
downstream of the mixing chamber. The experimental 
limiting factors are the optical density and the depth of field 
of the long-distance microscope. To compensate for the 
differing size scales, the images are normalized via the 32d . 
The depth of field of the VoF-image is adjusted to match 
the experimental depth. This ensures good comparability 
between the experimental and simulation images. 

A qualitative comparison of the images in Fig. 5 indicates 
strong concordance regarding the droplet density and spatial 
distribution. Three-dimensional images of the simulation 
cases can be found in the appendix in Fig. 12. The range of 
droplet sizes is also consistent. However, the shapes of the 
larger droplets differ significantly. The droplets in the 
experimental flow cell all appear to be spherical, whereas  
in the DNS image, the droplets are partially deformed. The 
larger the droplets are, the greater the magnitude of 
deformation. Small droplets look lenticular, but some of 
the largest droplets have the shape of a dumbbell, which 
indicates that they may soon break up. 

An explanation for this divergent behavior could be the 
different degrees of stress acting on the droplets at the 
image recording points. The flow cell in the experiment is 
positioned downstream of the mixing chamber in the 
on-injector system. Therefore, the droplet breakup cannot 
be captured, only its result. Additionally, the spherical shape 
of the droplets suggests that they are not substantially 
influenced by the flow field. Additionally, the very high 
Hinze scale confirms this theory. In the case of the DNS, 
the image is captured in the controlled HIT environment 
after reaching a steady state, where the interface between 
the phases remains constant. This is shown in Fig. 11 in the 
appendix. This observation implies that the interfacial area 
between the phases reaches equilibrium and that the breakup 
and coalescence processes occurring in the simulation must 
balance each other. Droplets that exceed a critical size  
due to coalescence become deformed and are eventually 
fragmented again by the turbulent flow field. 

5.2.2 Comparison of droplet size distributions 

Since the size scale is different between the DNS and the 
experiments, establishing a basis for comparison becomes 
essential. For the droplet size distributions, this is achieved  
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by plotting the relative quantities per size class on the 
ordinate and a normalized droplet diameter on the abscissa. 
This normalization is conducted by dividing the droplet 
size by the Sauter mean diameter 32d . In Fig. 6, the number 
size distributions are plotted for both volume fractions. It is 
evident that the distributions of the simulation always start 
at smaller normalized droplet diameters because of the 
higher droplet detection resolution. Additionally, in the 
experiment, very small droplets can be identified in the raw 
images that unfortunately cannot be detected by the software. 
In Figs. 6(a) and 6(b), comparisons with the on-injector 
system are plotted. Good agreement can be seen for both 
volume fractions. The experimental distributions have 
slightly greater numbers at the start of the curves in the area 

of small droplet diameters, but the numerical distributions 
approach the experimental curves quite well afterwards. 
At the largest droplet diameters, the differences increase 
again. In this range, the numerical distributions tend to 
underestimate the experimental quantities, and the 
experimental curves extend to larger diameters than the 
numerical curves do. At a volume fraction of 5.3%, the 
concordance is stronger. 

As already shown in Section 5.1, there are differences 
between the on-injector and the single-HPP systems. 
Therefore, it is not surprising that the agreement with the 
DNS results is less good. At the 2.6% volume fraction, the 
experimental curve exceeds the simulation curve immediately 
from the start at small diameters. The high-volume fraction 

 
Fig. 5 Comparison of the on-injector shadow image (a) and sectional image from the DNS (b), with a scale of 3225 d´  and a depth of 
field of approximately 3210 .d´  The dispersed phase volume fraction is 5.3%. 

 
Fig. 6 Number size distribution comparison between DNS and the on-injector system (a, b) and the single-HPP system (c, d). 
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case, on the other hand, shows very strong concordance 
at small droplet sizes. For both volume fractions, the 
experimental distributions exhibit a dent in the middle 
range, where the normalized droplet diameter is approximately 
one. At the largest diameters, the agreement is good for the 
low-volume fraction case. At a volume fraction of 5.3%, the 
concordance is less pronounced, as the DNS distribution 
declines more rapidly and steeply. 

Droplet size distributions can also be described by 
volume size distributions. This approach is often adopted 
when the measuring technique directly measures the 
volume of droplets per size class instead of merely counting 
them. In this context, volume distributions are preferred,  
as the droplet volume plays a more significant role in the 
vaporization process following injection into the combustion 
chamber. A comparison between the experimental and DNS 
results is given in Fig. 7. Like for the number distributions, 
the DNS accurately predicts the on-injector distributions  
at both volume fractions. In both scenarios, the height, 
position of the peak, and width of the distributions show 
concordance. At a volume fraction of 2.6%, the numerical 
distribution slightly underestimates the width of the peak. 
The opposite is the case at 5.3%, as the numerical peak is 
wider with a small dent around the center. The differences 
already identified before between the DNS and the single-HPP 
experiments are highlighted by the volume distribution 
plots. At both volume fractions, the experimental maximum 
is significantly greater, and the width of the distributions  
is narrower. However, the position of the peak is in 
concordance with that of the DNS. 

Considering the simplifications made in the DNS, good 
agreement is achieved with the on-injector experiments. 
This finding indicates that the droplet breakup in the mixing 
chamber in this system can be successfully described via 
the idealized homogeneous isotropic turbulence approach 
and that the chosen flow conditions are representative of 
the experimental conditions. 

Obviously, the DNS and single-HPP experiments do 
not correlate well. The different breakup and coalescence 
behaviors compared with those of the on-injector approach, 
as already discussed in Section 5.1, seem to be the reason 
for those discrepancies. The turbulence levels assumed for 
the single-HPP system are not representative of the breakup 
in the pump or the coalescence in the rail downstream. 

With respect to the influence of the dispersed phase, 
the same trend is observed in the simulation as in the 
experiments. An increase in the dispersed phase also 
increases the droplet size, indicating that the DNS can 
predict the coalescence behavior accurately. In all the 
experimental and numerical distributions, the Sauter 
mean diameter is close to the droplet size at which the 
distribution peaks. Therefore, it can be used here as an 
indicator of the droplet size that possesses the highest 
proportion of the dispersed phase’s volume. 

5.3 Fitting probability density functions 

In this section, statistical distribution functions are used to 
further analyze the volume size distributions acquired from 
experiments and simulations. This approach has the ability  

 
Fig. 7 Comparison of volume distributions between the DNS and the on-injector system (a, b) and the single-HPP system (c, d). 
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to describe distributions with only a few parameters that 
define the function. The goal is to predict DSDs for practical 
applications by using a measurable characteristic diameter 
and finding empirical values or regularities for the fitting 
parameters. 

Many experimental and numerical publications discuss 
the application of such functions for the determination of 
droplet size distributions. Babinsky and Sojka (2002) proposed 
several statistical distribution functions to describe droplet 
size distributions. Yi et al. (2021) explored turbulent emulsions 
by employing the multicomponent Lattice-Boltzmann 
method. They recommended describing DSDs with a 
log-normal distribution, which implies that a fragmentation 
process is the primary mechanism for droplet formation. 
Furthermore, while they found a Gamma distribution to be 
suitable, they did not conduct a quantitative analysis of its 
differences compared with the log-normal distribution. 
Perlekar et al. (2012) used DNS with a pseudo potential 
Lattice-Boltzmann method focusing on configurations 
with different volume fractions and proposed a statistical 
description with a log-normal function. With a similar 
numerical method, Skartlien et al. (2013) analyzed log-normal 
distributions and a Gaussian distribution for droplet sizes 
in water‒oil emulsions. They observed that the distribution 
shape deviates from the log-normal distribution, especially 
in the sub-Hinze region. Here, the Gaussian distribution covers 
this range better. These studies show that most analyses 
focus on log-normal distributions. However, deviations are 
frequently observed, particularly at the beginning of the 
distribution involving small diameters and across various 
configurations, such as those involving changes in the volume 
fraction. Additionally, a need persists to compare various 
statistical distributions of DSDs quantitatively and determine 
the most accurate functions for their description. Additionally, 
values for the fitting parameters must be determined to be 
able to use distribution functions for predicting DSDs in 
practical applications. 

A variety of distribution functions typical for the 
description of droplets or bubbles in isotropic turbulence 
or in sprays and emulsions are investigated, and the 
dependency of the fitting parameters on the different 
configurations is analyzed. In addition, the distributions are 
partially modified so that the number of fitting parameters 
is reduced as much as possible. Only the results for a 
volume fraction of 5.3% are shown here, but those of the 
lower volume fraction are very similar. The calculated fitting 
parameters are listed in Table 4. The single-HPP distributions 
were not analyzed because this setup apparently deviates 
more strongly from the idealized HIT DNS configuration. 
All the equations presented here are given mathematically 
in the form of density distribution functions. Since this 

involves a length scale, the distribution plots are normalized 
for comparability, as described in Section 5.2. 

The log-normal (LN) distribution is commonly used to 
model the volume distribution of droplets or particles in 
various scientific and engineering applications (Babinsky 
and Sojka, 2002; Moradi et al., 2011; Pacek et al., 1998; Panão, 
2023; Skartlien et al., 2013; Yi et al., 2021). It is defined by 
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where d represents the detected droplet diameter, μ  the 
mean value of the distribution, and σ  the width of the 
distribution used as a fitting parameter. μ  corresponds to 

50,3d , the median volume droplet diameter (Yi et al., 2021). 
For all the configurations (simulation and experiment as 
well as both volume fractions), 0.4σ »  can be used, which 
provides good results, as shown in Fig. 14. The value of σ  
decreases slightly with decreasing volume fraction. 

The upper-limit log-normal (ULLN) distribution extends 
the log-normal distribution, incorporating an upper limit. 
This function is commonly used to model DSDs in 
applications where physical constraints limit droplet size 
(Babinsky and Sojka, 2002; Lekic et al., 1976; Solomon et al., 
1985). It is defined by Eq. (10): 
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In this equation, maxd  represents the upper limit of the 
droplet diameter range. 1c  is defined as 1/( 2 ln )δ  and 

2 max /c d a= . Here, δ  and a are fitting parameters. While 
δ  is approximately 2.0 for all investigated configurations, 
a strongly differs between the simulation and experiment 
because of its dependency on maxd . 

The Gamma distribution is another commonly used 
equation (Bremond and Villermaux, 2006; Hsieh et al., 
2009; Villermaux, 2007; Willis and Tattelman, 1989; Yi et al., 
2021). In this work, a modified formulation is used, which 
includes a characteristic diameter γd . The function is 
independent of the number of droplets (in contrast to, e.g., 
Hsieh et al. (2009)). The distribution is given by 
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where 1Γ( )γ  is the Gamma function. The parameters 1γ  
and 2γ  control the shape and scaling of the distribution. 
The parameter γd  is substituted by 50,3d  here. For the 
investigated cases, 1 2γ γ» . This reduces the Gamma 
distribution to one fitting parameter. The results with this 
assumption can be found in Fig. 14. However, the values of 
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the fitting parameters depend on the configuration and 
increase with decreasing volume fraction. The parameters 
vary between [ ]1 2 5.7, 8.8γ γ» Î . 

The beta distribution, as described by Watkins (2005), 
is commonly used to model data bounded between two 
limits and is written as 
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with the beta function 1 2( , )β b b . The parameters 1b  and 2b  
control the shape of the distribution. mind  and maxd  
represent the minimum and maximum diameters, 
respectively. Compared with the other distributions, this 
function is formulated in general terms and does not 
contain a representative diameter. The values of the fitting 
parameters differ slightly between the experimental and 
simulation results. Here, [ ]1 2.3, 3.4β Î  and [ ]2 3.9, 5β Î . 

The Rosin‒Rammler distribution is defined as (Babinsky 
and Sojka, 2002): 
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The parameter 1r  controls the shape of the distribution, 
and rosind  is a representative diameter, which is 50,3d . In 
this work, 1r  increases with decreasing volume fraction. 
While 1r  is fitted to 2.7 and 3.0 for the experiment, the 
values for the simulation are 1 3.0r =  and 1 3.25r = . Using 

1 3.0r =  for all configurations provides similar results, 
which are shown in Fig. 14. 

Additionally, a Nukiyama‒Tanasawa (NT) distribution 
is considered (see, Babinsky and Sojka, 2002), which is 
modified within this work. The function was extended by 
a characteristic diameter NTd  and reduced by a fitting 
parameter. The NT function is based on the RR distribution. 
The formula can be written as 

 
1 21

1
NT

NT NT NT
( ) exp

n nn d df d
d d d

- æ öæ ö æ ö ÷ç÷ ÷ç ç ÷= -ç÷ ÷ç ç ÷ç÷ ÷ç ç ÷è ø è øçè ø
 (14) 

The parameter 1n  controls the shape of the distribution, 
whereas 2n  determines the exponent of the exponential 
decay. Again, 50,3d  is used as NTd . The formula is derived by 
considering the relationship between the droplet diameter 
and volume density. By modifying the original NT formula, 
this adaptation accounts for the specific requirements and 
characteristics of the data analyzed in this study. It offers 
an improved representation of the DSD within the given 
limits. Both fitting parameters increase with decreasing 
volume fraction. The values between the experimental and 
simulation results are quite similar and are between 2.3 and 
3.3 for all configurations. 

The root normal (RN) distribution is another function 
considered within this work. The RN distribution is given 
by Babinsky and Sojka (2002): 
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where RN 50,3d d=  and 1R  is a parameter governing the 
spread of the distribution. Here, in contrast to the other 
configurations, 1R  varies strongly between the simulation 
and experiment. The values for the experiment are 0.0014 
for the high volume fraction and 0.0012 for the lower 
volume fraction. In contrast, the fitting parameters for the 
simulations are 1 0.1R » . 

Hyperbolic distributions (see, Babinsky and Sojka, 2002; 
Moradi et al., 2011) and the chi-square distribution (see, 
Lekic et al., 1976) have also been studied but have not been 
found to be suitable for volume distributions. Additionally, 
symmetric distribution functions such as the Gaussian 
distribution are also unsuitable for describing DSDs in this 
study. 

Furthermore, mixed distribution models are proposed 
that combine the characteristics of different probability 
density functions. This approach allows to capture the 
features of both distributions and provides a more accurate 
description of the DSD in the analysis. The blended 
distribution is defined as 

 ( ) ( ) ( ) ( )mix 1 21f d b f d b f d= ⋅ + - ⋅  (16) 

In this equation, mix ( )f d  represents the volume distribution 
function of droplets as a function of d, the droplet diameter. 
The mixed distribution model combines the two functions 
by linearly interpolating them on the basis of the blending 
factor b. The best results were achieved by using a 
combination of the Gamma and NT distributions as well as 
the Gamma and ULLN distributions. For both, 0.3b »  is 
suitable. 

The accuracy of statistical models can be assessed via 
various metrics. In this study, the following measures are 
employed: R2 and the root mean square error (RMSE): 
 R2 is a statistical measure that indicates the proportion 

of the variance in the dependent variable that is 
predictable from the independent variables in a regression 
model. It ranges from 0 to 1, with a value of 1 indicating 
that the model explains all the variability of the dependent 
variable. 

 The RMSE quantifies the average prediction error of  
a regression model. A lower RMSE value indicates a 
better fit between the model and the observed data, 
suggesting that the model’s predictions are closer to the 
actual values. 
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By considering the R2 and RMSE, it can be analyzed how 
well the models capture the observed data and make informed 
conclusions about their suitability for the considered cases. 
Only distributions with RMSE 0.02<  and 2 0.9R >  were 
considered for the volume distributions. The results of the 
considered distributions are listed in Table 3. 

The qualitative results of the distribution functions 
are displayed in Figs. 8, 9, and 10. The differences between 
the two volume distributions are small, indicating reasonable 
concordance for all the functions. However, the maximum 
of the on-injector distribution is slightly underestimated 
for all the functions except for Rosin‒ Rammler and NT. 

In combination with the quantitative data in Table 3, a 
clearer picture emerges: excluding the mixed functions, the 
Gamma function best describes both the experimental 
and numerical distributions. The Rosin‒Rammler function 
shows the poorest fit, with a significantly lower R2 value. 
The other probability density functions in the middle range 
achieve similar error values. However, when comparing 
experiments and DNS, their order is different. For example, 
the beta distribution reaches the second-best values for the 
DNS, but the second-worst values are obtained for the 
on-injector data. The mixing of two different probability 
density functions delivers better concordance, depending 
on the chosen functions. 

Overall, the agreement of the investigated functions 
depends on the number of fitting parameters since, in general, 
the shapes of their distributions are similar. A comparison 
of the Rosin–Rammler and the Nukiyama–Tanasawa  

Table 3 Statistical fit evaluation for the volume distributions of 
the configurations. The distributions are sorted according to the 
R2 and RMSE values 

 On-injector 

Function R2 RMSE 

Rosin 0.91 0.0113 

Beta 0.95 0.0090 

NT 0.95 0.0086 

LN 0.95 0.0084 

ULLN 0.96 0.0076 

RN 0.96 0.0074 

Gamma 0.97 0.0064 

Gamma-ULLN 0.97 0.0061 

Gamma-NT 0.98 0.0060 

 Simulation 

Function R2 RMSE 

Rosin 0.93 0.0110 

LN 0.96 0.0088 

RN 0.96 0.0087 

NT 0.96 0.0087 

ULLN 0.97 0.0074 

Beta 0.97 0.0074 

Gamma 0.98 0.0066 

Gamma-NT 0.98 0.0062 

Gamma-ULLN 0.98 0.0061 

 
functions clarifies this. Both equations differ only in terms 
of the number of fitting parameters: the RR equation has  

Fig. 8 PDFs of the volume distributions: (a) LN, (b) ULLN, (c) gamma, (d) beta, (e) Rosin‒Rammler, (f) NT. 
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Fig. 9 PDFs of the volume distributions with the NT function. 

 
Fig. 10 PDFs of the volume distributions with fitted mixed 
functions: (a) gamma-ULLN and (b) gamma-NT. 

one fitting parameter, and the NT equation has two fitting 
parameters, resulting in significantly better error values. 
Blending several functions results in the lowest error but 
obviously increases complexity and the number of fitting 
parameters. The goal of the investigated distributions is  
to predict droplet size distributions with a measured or 
calculated characteristic diameter. Thus, knowledge of the 
fitting parameters, which should be independent of the 
configuration, is obligatory. The best results were obtained 
via the log-normal function. Independent of the configuration, 
the fitting parameter can be assumed to be 0.4 for volume 
fractions in the investigated range and when 50,3d  is used as 
the characteristic diameter. Additionally, the fitting parameter 
of the Rosin‒Rammler function can be considered to be 

1 3.0r » . However, this function provides a poorer fit 
than the LN distribution. The findings for the Gamma 
distribution should be investigated in more detail because 
this distribution can be reduced to one fitting parameter 
for the investigated cases. Moreover, the second fitting 
parameter of the ULLN distribution can be assumed to be 
2.0 for the examined experiments and simulations. However, 
the other fitting parameters strongly depend on maxd  and 
thus vary with different physical parameters. 

6 Conclusions 

In this work, experimental and numerical studies are 
combined to expand the knowledge of the physics of 
water-in-gasoline emulsions. Two different approaches for 
producing such emulsions were presented: the on-injector 
system and the single-HPP system, which differ in terms of 
process layout and emulsification itself. Direct numerical 
simulations are conducted under idealized homogeneous 
isotropic turbulence conditions. Because it was not possible 
to assess the experimental flow conditions fully, some 
assumptions and simplifications had to be made. Nevertheless, 
the turbulent conditions in the simulation are comparable 
to those in the experiments. In this work, the focus is on 
the droplet size distributions. The main findings can be 
summarized as follows. 

The volume distributions obtained in the on-injector 
system can be successfully described by the idealized DNS. 
Moreover, a similar behavior can be identified when the 
dispersed volume fraction is increased. Owing to the greater 
number of droplets, coalescence is promoted, which 
ultimately leads to distributions with an increased quantity 
of larger droplets. Thus, the simulation effectively represents 
the flow conditions for emulsification in the on-injector 
system. 

Compared with the single-HPP experiments, more 
differences were identified. Although the same trend of larger 
droplets with increased water volume fraction is observed, 
the distributions differ significantly. The reason is most 
likely the design of the experimental process. Following the 
homogenization of the emulsion in the high-pressure pump, 
coalescence occurring in the components downstream 
influences the distributions. Consequently, this leads to a 
system behavior that cannot be adequately predicted by the 
DNS with the chosen boundary conditions. Comparing 
DNS results with the emulsion before the rail would be 
insightful, but only qualitative experimental results are 
available at this point because the droplets are too small for 
the detection software. A possibility would be to adapt the 
simulation by allowing a certain amount of segregation and 
detecting the droplets afterwards. 
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Probability density functions are useful for defining 
particulate distributions with a small number of parameters. 
In this work, suitable functions that can describe the 
experimental and simulated droplet size distributions were 
identified. The gamma distribution provides the best fit, and 
it was possible to reduce the number of fitting parameters 
from two to one. However, the remaining parameter was 
dependent on the respective distribution. The log-normal 
distribution fitting parameter, on the other hand, was 
largely invariant across the configurations studied. Although 
the quantitative evaluation of the fit shows slightly poorer 
values, the log-normal function is the best compromise 
between accuracy and simplicity for the investigated cases. 
Therefore, when 50,3d  is measurable or predictable by 
simple models, it can be used for similar applications to 
predict DSDs. To make more reliable statements about the 
influence of physical factors on the fitting parameters, one 
would need a broader database of measured and simulated 
distributions. 

Overall, the results illustrate the possibility of combining 
industrial process experiments with simplified direct 
numerical simulations to gain more insight into the physics 
of emulsification. Although simulations and experiments 
are limited by their own constraints, such as optical 
accessibility or computational resources, a combination of 

both allows for an expansion of knowledge. Thus, trends in 
droplet size distribution can likely be predicted beyond the 
capabilities of experimental measurements, e.g., by providing 
additional phase and velocity information in three dimensions 
or quantitative information on segregation behavior. 

Future work will focus on expanding the knowledge on 
segregation processes by combining DNS and experimental 
data. Moreover, regarding the practical application of GWDI, 
emulsion spray breakup is currently under investigation. 

Appendix 1  Statistically steady state of DNS 

The normalized interface area is plotted against the 
normalized time in Fig. 11(a). A completely segregated 
state, defined as ( )

22 2πA L= = , is used as a reference for 
the interface area. After / 3t τ =  ( τ  is the eddy turnover 
time), both configurations reach the steady state. 

This observation is further supported by Fig. 11(b), 
which shows the rate of change in the interface area, 
denoted as A , plotted against the normalized time for the 
configuration where  5.3%= . After reaching / 3t τ = , 
the rate of change A  fluctuates around zero. 

Additionally, as expected, the interface area significantly 
increases with increasing volume fraction. Figure 12 illustrates 
the considered cases at the HIT. 

 
Fig. 11 Normalized temporal evolution of (a) the interface area ratio /A A  for all configurations and (b) the rate of change in the 
interface area A  for  5.3%= . The steady state is reached at / 3t τ =  (colored gray). The horizontal dashed lines in (a) indicate the 
average values of /A A  in the steady state. 

 
Fig. 12 Illustration of the different configurations in a statistically steady state at time / 6t τ » : (a)  2.6%=  and (b)  5.3%= . 
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Appendix 2  Influence of TKE 

Figure 13 compares the results between two different 
simulations with modified TKE. The TKE 2 22.0 m /sk = , 
which was clearly too high for comparison with the 
experimental data, was compared with the TKE k =  

2 20.5 m /s . A detailed analysis of the influence of the 
turbulence intensity on the characteristics of emulsions 
with similar configurations was carried out by Begemann  
et al. (2022). The curves clearly shift with increasing TKE. 
The number of smaller droplets increases with increasing 
Reynolds and Weber numbers, leading to a more pronounced 
dominance of breakup processes. Consequently, larger 
droplets become less frequent. 

Another notable finding is the effect on the SMD. As 
the SMD changes with the presence of smaller droplets, 
resulting in an increased interface area ( 32 1/d Aµ , see  
Eq. (8)), normalization with 32d  ensures that the curves are 
centered but do not match. A fourfold greater TKE leads to 
an earlier rise and a greater peak. Additionally, the curves 
at higher TKE are smoother, reflecting the increased number 
of droplets and, consequently, more statistically reliable 
results. 

On the basis of the experimental measurements, the TKE 
in the simulation was set to 2 20.5 m /sk =  to ensure good 
comparability with the flow parameters in the experimental 
system. 

 
Fig. 13 Comparison of volume distributions between simulations 
with TKE 2 22.0 m /sk =  and TKE 2 20.5 m /s .k =  The plot (b) is 
normalized with the SMD. 

Appendix 3  Fitting parameters of the distribution 
functions 

Table 4 provides an overview of the fitting parameters of the 
distribution function for each investigated configuration. 
In Fig. 14, the log-normal, Rosin–Rammler, and gamma 
functions are plotted with generalized fitting factors and 
are compared with the numerical and experimental data. 
The assumptions for the LN and gamma distributions are 

Table 4 Calculated fitting parameters for each distribution 
function depending on the investigated configurations 

 On-injector 
5.3% 

On-injector 
2.6% 

Simulation 
5.3% 

Simulation 
2.6% 

LN 0.42σ =  0.38σ =  0.39σ = 0.37σ =
57 10a -= ´ 56.4 10a -= ´  0.5a =  0.45a =

ULLN 
2.1δ =  1.9δ =  2.0δ =  2.0δ =

1 5.8γ =  1 7.5γ =  1 7.3γ = 1 8.8γ =
Gamma 

2 5.7γ =  2 7.4γ =  2 7.3γ = 2 8.7γ =

1 2.3β =  1 2.8β =  1 3.3β = 1 3.4β =
Beta 

2 4.0β =  2 5.0β =  2 4.5β = 2 3.9β =

Rosin‒Rammler 1 2.7r =  1 3.0r =  1 3.0r =  1 3.3r =

1 2.7n =  1 3.1n =  1 3.0n = 1 3.3n =
NT 

2 2.3n =  2 2.7n =  2 2.7n = 2 2.9n =

RN 1 0.0014R = 1 0.0012R =  1 0.1R = 1 0.09R =

 
Fig. 14 PDFs of the volume distributions with generalized fitting 
parameters: (a) LN with 0.4σ = , (b) Rosin–Rammler with 
1 3.0r = , and (c) gamma with 1 2γ γ= . 
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Fig. 14 (Continued) 

similar to the results in Section 5.3, whereas the Rosin‒ 
Rammler function shows some deviations. Additionally, 
the fitting parameters of the experiment and DNS react 
similarly to a change in the volume fraction. For the 
log-normal distribution, a lower volume fraction leads to a 
decreased fitting parameter σ , which indicates that the 
distributions become narrower at lower volume fractions. 
This underlines the observations made in Section 5.2. 
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