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Preface

This Book of Proceedings contains the extended abstracts of the contributions presented at the DIPSI Workshop
2019 on Droplet Impact Phenomena and Spray Investigation, organised by the Universita degli Studi di Bergamo
on Friday 17" May 2019 in Bergamo, Italy.

This workshop, which is now at its thirteenth edition, represents an important opportunity to share the recent
knowledge on droplets and sprays in a variety of research fields and industrial applications.

The event is supported by the Department of Engineering and Applied Sciences of the Universita degli Studi di
Bergamo, the Research Training Group 2160/1 DROPIT, University of Stuttgart and Luchsinger S.r.1.

Bergamo, September 2019

Prof. Gianpietro Elvio Cossali
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Complex multicomponent real-fluid thermodynamic model for high-

pressure Diesel fuel injection
C. Rodriguez ", Houman B. Rokni', P. Koukouvinis', M. Gavaises'
'City University London, Northampton Square EC1V 0HB, United Kingdom
*Corresponding author: Carlos.Rodriguez@city.ac.uk

Introduction

To correctly model the combustion in Diesel engines one needs to characterise the atomisation and mixing of
sprays. Numerous studies on Diesel sprays exist that employ Lagrangian methods considering a sharp gas-liquid
interface which evolve according to primary and secondary breakup models and evaporation [1]-[3]. However,
this approximation presents some limitations to accurately model dense flow regimes near the nozzle where the
liquid fuels disintegrate into ligaments that then form droplets; some numerical improvements for applications to
dense grids relative to the volume fraction of the Lagrangian phase have been reported [4]. Still, they are
sensitive to calibration parameters. In [5], [6] an Eulerian density-based methodology was employed to simulate
the primary atomisation of the injected liquid considering compressibility effects. A single-phase dense-gas
approach was applied. However, in n-dodecane/nitrogen mixtures the critical temperature is higher than the lower
critical temperature of the components and lower than then the higher critical temperature of the compounds. On
the other hand, the critical pressure is higher than the critical pressure of the components. Considering that the
pressures that can be found in the combustion chamber of Diesel engines are lower than the critical pressure of
some nitrogen/n-dodecane mixtures, the Vapor-Liquid Equilibrium (VLE) state must be included in the simulation.
In [7], [8], a thermodynamic solver that can compute the properties of a homogenous mixture in supercritical or
subcritical states was implemented in a multi-species two-phase model. The Large Eddy Simulations (LES) of the
Spray A benchmark case of the Engine Combustion Network (ECN) performed in [7], [8], show a high degree of
agreement against the available experimental data. However, the authors pointed out the issues of employing
cubic EoS for modelling hydrocarbon properties at temperatures found inside the injection system. Due to the
error in the density prediction of n-dodecane, it was necessary to increase the injection velocity to match the
mass-flow measurement leading to an error in the predicted velocity. As a solution to these issues, we have
coupled the molecular-based Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT) with Vapor-Liquid
Equilibrium (VLE) calculations in a density-based solver of the Navier-Stokes equations. The PC-SAFT EoS
presents a precision similar to NIST (REFPROP), but without the need of an extensive calibration. Moreover, PC-
SAFT can flexibly handle the thermodynamic properties of multi-component mixtures, and complex hydrocarbon
mixtures can be modelled as a single pseudo-component [9]. All the details about the developed numerical
algorithm have can be found in [10].

Material and methods

The Navier-Stokes equations for a non-reacting multi-component mixture containing N species have been solved
employing the finite volume method on a Cartesian numerical grid. Operator splitting is utilised to separate the
hyperbolic and parabolic operators. The global time step is computed using the CFL (Courant-Friedrichs-Lewy)
criterion of the hyperbolic part. The temporal integration is carried out using a second-order Runge—Kutta (RK2)
scheme. The model developed by [11] is used to calculate the dynamic viscosity and the thermal conductivity.
The HLLC (Harten-Lax-van Leer-Contact) solver is employed to compute the convective fluxes. A thermodynamic
solver inspired by the work of [7] is employed to approximate the mixture thermophysical properties by performing
PC-SAFT and VLE calculations. It is employed to compute temperature, pressure, sound speed and enthalpy
once the conservative variables have been updated. The inputs are the density, internal energy and mass fraction
of the components. Three PC-SAFT parameters per compound (number of segments per chain, energy
parameter and segment diameter) are specified in the initialisation. By checking the molar fractions of the
components, it can be determined whether only one phase exists or the state of the mixture is unknown. If the
state of the mixture is stable, the molecular density of the mixture can be computed and used as an input to the
PC-SAFT model. The Newton-Raphson method is employed to compute the temperature that is needed to
calculate the value of all other thermodynamic variables. If the state of the mixture is unknown, the pressure and
the temperature are iterated employing a multidimensional Newton-Raphson method until the density and the
internal energy obtained using the PC-SAFT + VLE calculations are the ones obtained from the conservative
variables. For each P-T calculation, a stability analysis is performed to determine if the mixture is stable using a
successive substitution iteration (SSI) method to perform equilibrium calculations. The isothermal-isobaric flash
problem (TPn flash) is solved if the stability analysis reveals an unstable mixture.
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Diesel jet

Diesel is modelled using a technique developed by [9], which employs the PC-SAFT to define a single pseudo-
component that represent the compounds found in a complex hydrocarbon mixture. This model allows to consider
the actual composition of the Diesel fuel in CFD simulations, and makes the simulation time independent of the
number of Diesel compounds. A structured mesh is applied with a uniform cell distribution; the domain used is
12mm x 6mm; transmissive boundary conditions are applied at the top, bottom and right boundaries while a wall
condition is employed at the left boundary; a flat velocity profile is imposed at the inlet; the velocity of the jet is 600
m/s; the diameter of the exit nozzle is 0.1mm; the case is initialized using a pressure in the chamber of 10.5 MPa;
the temperature of the nitrogen is 970 K; and the temperature of the injected fuel is 360K. The evaporation of the
Diesel can be observed in Figure 1, which shows the overall vapor fraction of the Diesel jet on a molar basis at

different times.
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Figure 1. Overall vapor fraction on a molar basis of the Diesel injection at (a) t = 1.06x10% s, (b) t = 1.87x10° s and (c) t =
2.7x10°%s.
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Nomenclature
List of abbreviations

CFL Courant-Friedrichs—Lewy

EoS Equation of State

HLLC Harten-Lax-van Leer-Contact

PR Peng-Robinson

PC-SAFT Perturbed Chain Statistical Associating Fluid Theory

VLE Vapor-Liquid Equilibrium

WENO Weighted Essentially Non-Oscillatory

List of Symbols

& Sound speed [m s-1]

B Overall vapor fraction on a molar basis

P Pressure [Pal]

T Temperature [K]
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3D flow velocity inside sessile evaporating droplets

M. Rossi*', C.J. Kahler?, A. Marin?
'Department of Physics, Technical University of Denmark, Denmark
?Institute of Fluid Mechanics and Aerodynamics, Bundeswehr University Munich, Germany
3Physics of Fluids, University of Twente, The Netherlands
*Corresponding author: rossi@fysik.dtu.dk

Introduction

The flow inside sessile evaporating droplets of pure water is characterized by a form of capillary flow directed
from the interior towards the contact line, as described by the seminal paper by Deegan et al. in 1997 [1].
Furthermore, the evaporation process induces a tiny temperature gradient across the droplets that is however
sufficient to drive a thermal-Marangoni flow on the drop water-air interface directed from the contact line towards
the drop summit. This picture can change dramatically if other substances such as surfactants or salts are
dissolved in water, even reversing the direction of the internal flow [2]. The experimental characterization of these
flows is challenging, since the droplets have small dimensions with curved interfaces varying with time. We used
General Defocusing Particle Tracking (GDPT) [3], a single-camera 3D-PTV method to measure the internal and
interfacial flows of sessile evaporating droplets of water with unprecedented resolution. We compared results
taken at different conditions (temperature, humidity) and different fluids (ultra-pure water and commercially-
available mineral waters).

Material and methods

The experimental setup used for the experiments is shown in Figure 1. For each experiment, a water droplet is
deposited on a glass slide and placed inside an incubator to control the temperature and humidity of the
environment around the droplet. Small polystyrene spheres (1-um in diameter produced by Thermofisher) at low
concentration (less than 0.01% w/w) are dispersed in the liquid and used as passive tracer particles. The particles
inside the droplet are observed from below across the glass slide using a 10x magnification microscope objective.
The three-dimensional position and velocity of the particles is determined using GDPT. This method looks at the
defocusing patterns of the particle images to retrieve the three-dimensional position of the corresponding
particles. A side camera is used to measure the drop contact angle (CA) during the evaporation process. More
details on the measurement method and the experimental setup can be found in [2-3].

. <— ; .
Microscope Incubator
: A ™

Camera 2:

| Humidity side view

w g‘I»Q [sehsor
A :

‘Camera 1:
corr [

Figure 1. Experimental setup used for the measurements. The evaporating droplets are deposited on a microscope slide inside
a microscope incubator with control of temperature and humidity. Tracer particles inside the droplets are used to measure the
fluid flow velocity using General Defocusing Particle Tracking (GDPT). A side view camera is used to track the contact angle of
the sessile droplet during the evaporating process.
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Figure 2. Internal (left) and interfacial (right) velocities of evaporating droplet measured with GDPT. Velocities are reported in
cylindrical coordinates for different contact angles.

Results and Discussion

A typical result obtained for pure water is shown in Figure 2. The velocity data are reported in cylindrical
coordinates normalized with the droplet radius. The drop radius is approximately 1.3 mm with small variations
from experiment to experiment of £0.05 mm. The velocity plots are obtained from an ensemble average of six
experiments carried out under the same experimental conditions. The case presented in Figure 2, corresponding
to ultra-pure water at 30 °C and relative humidity 20%, shows that the bulk capillary flow slightly increase during
the evaporation process (for CA between 40° and 30°), with maximum values around 4 m/s. A thermal-Marangoni
flow can be observed at the interface with opposite direction and maximum values around 2 m/s. The magnitude
of the Marangoni flow as a function of the radius and contact angle is reported on the right panel of Figure 2. The
maximum values are observed at r/a = 0.8-0.9 and decrease during the evaporating process as well. These
velocities are in qualitative agreement with numerical simulations available in the literature [4], but the velocity
magnitudes are 2-3 orders of magnitude smaller than the predicted values. This discrepancy is commonly
ascribed to unwanted contamination of the water samples, however we repeated the measurements on different
water samples, taken from commercially-available mineral waters, and we obtained similar velocity magnitudes
(2 m/s) for the interfacial flows. Mineral waters contain low content on mineral as well as traces of other
substances, therefore a lower magnitude of the thermal-Marangoni flow would have been expected. These results
suggest that unwanted contaminants are probably not the only reason for the discrepancy between simulations
and experiments and that a more complex thermofluidic scenario at the water-air interface must be considered.

Conclusions

We used General Defocusing Particle Tracking for measuring the internal and interfacial flow of evaporating water
droplets with unprecedented details. These measurements showed that the thermal Marangoni flow in ultra-pure
water droplets is 2-3 orders of magnitude slower than what predicted from current numerical simulations, but on
the same order of magnitude of the flow observed in droplets of mineral waters, containing traces of minerals and
other contaminants. These results provide evidence of a more complex thermofluidic scenario at the water-air
interface than what currently expected.

The authors acknowledge financial support by the Deutsche Forschungsgemeinschaft KA1808/22.
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On the implementation of Structured Surfaces to FS3D

M. Baggio' and B. Weigand'
'Institute of Aerospace Thermodynamics, University of Stuttgart, Germany

The multi-phase program Free Surface 3D (FS3D)
Free Surface 3D (FS3D) is a code for the direct numerical simulation of incompressible multi-phase flows developed
at the Institute of Aerospace Thermodynamics at the University of Stuttgart. Its fundamentals are (see figure 1):

e Spatial discretization with finite volumes on a MAC-staggered [1] Cartesian grid.
e Use of the Volume-of-Fluid [2] method for interface tracking.
e Use of the Piecewise Linear Interface Calculation (PLIC, [4]) algorithm for interface reconstruction in scalar
control volumes.
The governing equations of the here considered case of an isothermal flow with no phase change characterized by
a single liquid phase immersed in a continuous gas phase are:

e The zero divergence condition for the conservation of mass:
V-u=0 (1)
e The incompressible Navier-Stokes equations for momentum transport

(9pu)
ot

+ V- [(pu)@u]=—-Vp+V-S+pg+{, 2)

e Transport of the volume of fluid fraction variable f:

9D 45 (ruy=0 @)

An equation for pressure is obtained from the zero-divergence constraint (1):

Its discretization leads to a system of equations [a]p = b whose solution is handled by a multigrid solver embedded
in FS3D.

x=0.00 Jf= Jf= Jf=. |

‘ e = (f= |
0.38 7 0.017 0.00

Space discretization (FV). Interface reconstruction
(PLIC)

1= [ x@ao
Figure 1: FS3D fundamentals.
Implementation of structured surfaces

In a preliminary approach, embedded boundaries were represented as rigid bodies with infinite density. This
resulted in the following steps:
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1. Introduction of an additional volume fraction variable f;, and use of the PLIC scheme for boundary interface
reconstruction (see figure 2 a).
2. Solution of the Poisson equation (4) for the "stair-stepped” approximation of the boundaries (see figure 2 b).
3. Cell-linking and averaging of the velocity field in near-boundary regions (see figure 2 c).
By modifying the velocity field in near boundary regions, an error is introduced and mass is not conserved. However,
the error in mass conservation was very limited in our test simulations (En maz = ||(m: — mo)/(mo)]l,, < 1.0 x
1073).
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Figure 2: Treatment of embedded solid structures.

Towards a conservative method

€2

£ Ol

boundary cell

real: I fo

real(1:3): ny

integer(1:3): i=1e1 + jes + kes
real(1:3,1:2): Aps

boundary cell array

type (bou_cell): beell.
type(bou_cell): beell,
type(bou_cell): beell,,
type(bou_cell): beell .

Figure 4: The structured type boundary cell and its implementation on a staggered grid.

We are currently developing a cut-cell approach inspired by the implementation of Popinet [3]. Indeed, for conser-

vativeness, non-zero velocities are needed at boundary cell faces (see figure 3). Transport equations have then to

be written in terms of cut-cell volume (1 — f,)h® and cut-cell faces Ayt - h? (here: split-scheme [5] and equidistant
d
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grid with spacing h):

06

h(l— fp i)(‘)_t =— (Ai e;F(“H%ed) — Aie; F(ui_%ed)> + divergence correction (5)

where ¢ is a generic scalar variable, F' are the numerical fluxes, and d is the direction of the split advection step.
Complex data structures are needed to store the necessary quantities on a staggered grid (see figure 4).

Testing

The new method has been tested against the old for a simple case of a water drop impacting on a solid sphere
with a Weber number We = PDOE = 46.15 (see figure 5, top). These preliminary tests have shown that the
new method tends to be unstable because very high velocity values are reached near the boundary surface. This
occurs because probably our discretization scheme for the Poisson equation (4) is not very accurate in small cut-
cells. However, an improved accuracy in mass conservation could be obtained (see figure 5, bottom).
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Figure 5: Comparison of the new approach with the approximate one for the case of a water drop impacting on a
solid sphere with Weber Number We = 22%0- — 46.15.
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Nomenclature

X colour function

p density [kg m™?]

o surface tension [kg s™*]

10) general scalar variable

A cut-cell to whole face area ratio
D drop diameter [m]

€1,2,3 orthonormal basis of R® and 73

En mass error

F numericsl flux

f volume fraction

f, surface tension force per unit volume [N m~?]
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h equidistant mesh spacing [m]

i =1e1 + jes + kes cell index

master attribute of the data structure boundary cell
interface distance [m]

mass [kg]

normal vector [m™!]

pressure [N m~2]

drop radius [m]

viscous stress tensor [N m™?]

slave attribute of the data structure boundary cell
radius of the spherical feature [m]

time [s]

impact velocity [m s™1]

u = ue; + ves +wez  velocity vector [m s™!]

T = wei + yes + zes space position [m]

Swﬁo}@m@:gNE
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Introduction

Heat and mass fluxes from an evaporating droplet in a gaseous mixture strongly depend on the evaluation of the
transport and thermodynamic properties of both the gas and the liquid phases [1]. The majority of the available
analytical models for drop vaporisation assume that transport properties are uniform through the gas phase, then
neglecting their dependence on the local temperature and composition. The values of the properties are
evaluated by an averaging procedure, and studies available in the open literature have shown that evaporation
rate predictions are quite sensitive to the choice of property values.

Moreover, almost all analytical models available in the open literature used for dispersed spray applications
assume a spherical shape for the evaporating drop, while experimental observations show that in dispersed
phase scenarios, liquid drops are far from being spherical [2].

The objective of the present work is to show, through an analytical approach, the effect of temperature and
composition dependence of gaseous mixture density, diffusivity, thermal conductivity and specific heat of the gas
species on drop heat and mass transfer. The model is used for predicting, in analytic form, the evaporation and
heating rates for different drop geometric configuration (ex. spheroidal drops, pair of spherical interacting drops).

Mathematical modelling

The heat and mass transfer from a finite bulk of liquid to the surrounding gas, under non-convective conditions,
can be modelled using the species, energy and momentum conservation equations, which, under quasi-steady
assumption, are expressed as

VNP=0 p=(0.1) )
¢, UV T=V, (k,mVJT) 2
VB = %[SCMvZUk BTV, HY 0] @®)

where NSI’) = NﬁT Jpo) _ DmV/y(”) are the molar fluxes of the species p, according to the Fick’s constitutive

equations, »* is the molar fraction of the species p in the binary mixture, ¢ is the molar density and D), is the
species diffusion coefficient. The indexes p=(0,1) stand for the gas and the evaporating species, respectively, and
N,-(”= N,“)+ N,-(O) is the j~component of the total molar flux. The energy equation (2) is reported in simplified form,
which takes into account inter-diffusional terms, but neglects dissipation by viscous stresses and other minor
terms (refer to [3, 4] for a more complete form of the equation); ¢, is the vapour heat capacity and k,,, is the
thermal conductivity of the gaseous mixture. The momentum equation (3) is written in non-dimensional form,
where V =R ,V is the non-dimensional nabla operator and the following non-dimensional quantities have been

introduced:
2
B P, ;le;AZM;(sz&;ScMzﬁ;Hzlog(l_y(o) 4
cRT, 1, M}’I’I(I)DlzO Dy, DloCMz(nl)

Py is the ambient pressure, R is the universal gas constant, 7,, is the gas temperature in the region of undisturbed
flow, R, is the equivalent volume drop radius, Mm'" is the molar mass of the vaporising species, U is the flow
velocity. The parameter A in equation (3), for the operating conditions typical of spray applications, is orders of
magnitude larger than the term in square brackets. This implies that the term on the right hand side of equation
(3) is very small and the pressure field can be assumed constant and the momentum equation can be
disregarded in the following analysis.

The species and energy conservation equations (1,2) form a coupled system of non-linear PDEs in the unknowns
temperature, 7, and molar fraction distribution, . All the thermo-physical properties appearing in the equations
(¢, D10 ¢pw kmiy) are function of flow field temperature, pressure and composition. A fully analytical solution of the
system, accounting for the temperature dependence of the thermo-physical properties, was recently proposed in
[5]. Following a procedure suggested by [6], an auxiliary harmonic function ® that satisfies the Laplace equation
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with uniform boundary conditions is introduced and the system is solved in the natural curvilinear coordinate
system of the problem. The heat and mass fluxes at the drop surface can then be calculated from the gradient of
the function @ (see [5]). The classical case, when all the thermo-physical properties are assumed constant, can
be seen as a special case; the evaluation of the vapour and energy local mass fluxes reduces to the relations

) ==p,, Dy, In(1+ B, )V,® (5)
qn = _kmixToovnq) (6)
where By, is the Spalding mass transfer number
1 1
A=A )
By (1)
1=,

V,® is the component normal to the drop surface of the gradient of the auxiliary function ® and the properties
are evaluated at a reference temperature and composition according to the expressions
T;‘ef = T + (l - ar‘ef )Tl’ Z}L"p) = aref/l’o(cp) + (1 - arn{f)l‘fp) (8)

ref Lo ,
where y is the mass fraction of the species p. In the classical models usually implemented in CFD codes for
dispersed phase calculation, refer to [1] for the most common ones, the averaging parameter ¢, is a constant
and results from the scientific literature [1,7] suggest that the value of «,., equal to %2 should be used in case of
low evaporating conditions, while the value equal to 1/3 should be preferred under high evaporating conditions.

In has been shown [5] that the use of equations (5) and (6) can yield more accurate results if o,/ is evaluated as
function of B, Taking advantage of the general model above described, the following correlation was suggested
in [5]

vy 1 )

a,, = +
f log(1+BM) 1—(1+BM)fo

where the constants 4,,.,depends on the species and the gas temperature [5].
The effect of the modelling of thermo-physical properties on the evaporation of drops in stagnant gaseous
environment is discussed in the following section for different liquids and drop shapes and configurations.

Results and discussion

This section reports a sample of the results from the investigation on the effect of the modelling of thermo-
physical properties on the drop evaporation. The model accounting for the detailed dependence on temperature
and composition of physical properties, which mathematical derivation is presented in [5], has been compared
with the classical model, equation (5), where the properties are assumed constant at a reference temperature and
gas mixture composition, according to equations (8). Different values for the averaging parameter o, have been
used to show their effect of the evaporation rate predictions. Figure 1 reports the evaporation rate ratio y
calculated as the ratio between the evaporation rate assuming constant physical properties and the evaporation
rate assuming that the properties are function of temperature and composition. The non-dimensional evaporation
rate is plotted as function of the Spalding mass transfer number for three fluids (n-octane, acetone and ethanol),
which have been used for their different volatility and applications, where the liquid temperature has been varied
from 280K up to the boiling temperature of the species and the gas temperature at free stream conditions has
been assumed constant equal to 1000K. The three curves in each graph correspond to the different selection of
the averaging parameter «,, using the classical model: the constant values 1/3 and 2 have been selected as
suggested in the literature, corresponding to the red and blue curves, respectively, while the black curve
corresponds to the case where the averaging parameter is a function of the evaporating conditions, according to
equation (9), and reported in the bottom graphs of Figure 1. The results confirm that for all the three fluids a value
of the averaging parameter close to %2 works well at low evaporating conditions (low B,,), while lower values of ¢,
yield better approximation increasing the drop temperature (i.e. high B,,), although the value of 1/3 commonly
used in evaporation models for dispersed phase calculation may be still too high, particularly for n-octane and
ethanol where values down to about 0.2 yield the best approximation as the drop temperature approaches the
boiling point. The evaporation rate predicted using as averaging parameter the correlation (8) differs by less than
4% from the detailed model that assumes temperature dependent physical properties for all the operating
conditions [5].

Figures 2 and 3 report the distribution of the vapour fluxes on the surface of water drops at two temperatures,
equal to 339.5K and 369K, which correspond to moderately low and high evaporating conditions, respectively,
vaporising in air at 1000K. The effect of modelling the physical properties is shown, and the vapour fluxes are
calculated assuming constant physical properties according to equation (5). The constant values equal to 1/3, %2
and the values from the correlation (8) are selected and the corresponding vapour mass fluxes distributions are
plotted in figure 2 for two spheroidal drops with surface area equal to 41:Rfﬁ (where g accounts for deformation
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from spherical shape [7]) with S equal to 1.1. Figures 2(a,b) show the fluxes for the prolate drop shape, with the
aspect ratio [8] £=2.22, while figures 2(c,d) show the corresponding fluxes for the oblate drop shape, with the
aspect ratio £ =0.49. The red arrows and the red contour represent the vapour fluxes fixing «,.r equal to 1/3, the
blue colour corresponds to the test cases with o, equal to Y2, while the black colour to the test cases with o,
from equation (7). The graphs show the simultaneous effect of the drop shape and physical property calculation
on the vapour fluxes, which are higher where the drop curvature is higher and viceversa and confirm that for
water drops under low evaporating conditions the value of «,, equal to %2 can be used, while under high
evaporating conditions the use of «,./(B,,) given by equation (9) yields more accurate results.

The effect of the averaging parameter is shown for a different drop configuration in figure 3, with two identical
drops at a distance equal to 4R, [9], under the same operating conditions of figure 2. The graphs enlighten the
effect of drop interaction on the vapour flux distribution, showing the screening effect on the evaporation due to
the presence of the neighbouring drop. The dependence of the prediction on the choice of the averaging
parameter is still noticeable, confirming the previous comments on the use of «,., as a function of the operating
conditions.

These results confirm the clear advantage of using a simple correlation for the property averaging parameter,
which accounts for the dependence on temperature and composition of the thermo-physical property. Further
investigation is required to improve the correlation for a wide range of fluids and operating conditions.
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Figure 1. Evaporation rate ratio y, as function of the Spalding mass transfer number, calculated using «,.,from Eq. (9) (solid
black line), .., =1/2 (dashed-dot green line) and «,.,=1/3 (dashed red line), for n-octane drop in air at (a) 500 K and (b) 1000 K.
The bottom graphs report Eq. (9) for each fluid.

Nomenclature

Auyy  Averaging parameter constant [-] n”  mass flux of species p [kg m’s™]
By Spalding mass transfer number [-] N? Molar flux of species p [mol m?s™]
c Molar density [mol m~] P Pressure [Pa]

Cow Heat capacity at constant pressure [J kg'K"] R Universal gas constant [J mol'K™]
Dy Mass diffusivity [m” s™"] R, Drop radius [m]

k Thermal conductivity [W K'm™] T Temperature [K]

Mey Evaporation rate [kg s-1] U Velocity [m s™]

M, Molar mass [kg kmol-1] y Molar fraction [-]

Greek symbols
Mass density [kg m™]

Oty Averaging parameter [-] P

B Surface area ratio [-] O] Harmonic function [-]

y Evaporation rate ratio [-] z Mass fraction [-]
Subscripts

mix Mixture [-] T Total [-]

ref Reference conditions [-] 0 Free stream conditions [-]
s Surface [-]
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aref = a)ef (BAM) arszf = a)’ef (BM’) ai'ef i amf (BM')

Figure 2. Effect of averaging parameter «.., on the surface vapour flux distribution of spheroidal water drops with f=1.1 (¢ =2.22
for prolate and £=0.49 for oblate drops) vaporising in air at 7,,=1000K; (a) prolate drop at 7.=339.5K, (b) prolate drop at
7=369K, (c) oblate drop at 7.=339.5K, (b) oblate drop at 7.=369K.

(b)
=112

(me: a}ef(BM)

Figure 3. Effect of averaging parameter «,.,on the surface vapour flux distribution of two interacting water drops with distance
equal to 4R, vaporising in air at 7,=1000K; (a) 7,=339.5K, (b) 7,=369K.
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Introduction

Contact angle measurements are used in order to investigate the wetting behavior of liquids on mainly solid
surfaces. The wetting behavior is considered as hydrophobic if contact angles larger than 90° are determined.
Hydrophilic behavior occurs for contact angles lower than 90°. For smooth surfaces, the measurement of
apparent contact angles by the sessile drop method is very convenient in using only one shadowgraph.

However, this situation completely changes for structured surfaces since the three-phase contact line cannot be
considered as circular due to pinning effects of the liquid to the structure. This has been already shown for
grooves by Santini et al. [1]. In order to get a full knowledge of the apparent contact angle along the three-phase
contact line, measurements over 360° degrees need to be performed.

In the following, the measured surfaces, the measurement devices and the acquisition and evaluation procedure
is presented. Finally, the results are presented followed by a short conclusion and outlook.

Evaluated surface patterns

The evaluated surfaces have a generic roughness which is shown in Figure 1 and described in Table 1. The
roughness is imposed on a polymeric wafer of Polycarbonate with the production method called hot embossing,
[2]. This is done by the Karlsruhe Nano Micro Facility (KNMF) at the Karlsruhe Institute of Technology (KIT).

W
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Squares (no. 1-3) Pillars (no. 4)

Figure 1. Evaluated structures for contact angle measurements

Table 1. Summary of the parameters of the generic surface roughness of Figure 1

no. edge length distance height

1 w =15 pum d =15um h =20 pm
2 w = 30 um d =30 um h =20 um
3 w = 60 um d = 60 um h =20 pm
4 w; = 60 um, w, = 60 um dy = 60 um, d, = 15 pm h =20 pum

Measurement device

The measurement device is based on a commercial Optical Contact Angle measuring and Optical Contour
Analysis (OCA) system. However, several modifications were necessary to be able to conduct contact angle
measurements over an azimuthal angle range of 360°. The final setup is shown in Figure 2 in which also the
modifications are indicated. In order to turn the surface sample, a rotating table was mounted on the height-
adjustable table. Since the droplet needs to be stable over the whole acquisition, a climate chamber was added to
the OCA. In combination with an active humidity generation by ultrasound atomizers, it can keep the relative
humidity higher than 99 % almost fully avoiding the evaporation of the droplet. The fan is used to distribute the
generated humidity as much as possible ensuring a homogeneous relative humidity. However, it has to be also
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ensured that the airstream of the fan is not influencing the droplets shape. All optical components are heated
avoiding condensation and thus optical aberrations. Finally, controlling and synchronizing of the camera and the
rotation stage was accomplished by a program written in C++.

syringe pump
syringe and needle
surface sample
microscope

camera

Figure 2. Measurement device with indicated main components to measure the contact angle over a predefined azimuthal
angle range

Acquisition and evaluation procedure

Before the acquisition, the humidity chamber was sealed, the humidity was set higher than 99 % and the optical
parts were preheated. For the acquisition, a droplet of 5 ul was generated, hanging on the tip of a blunt needle.
The needle was slowly lowered in its vertical position in order to place the droplet gently in the middle of the
structured surface, limiting the influence of the droplet placement to a minimum. After a short relaxation time of 10
minutes, the droplet was considered to be stable. During the acquisition, the rotation table was moved stepwise
for an angle step of Aa = 1° and an image was acquired. Before each image was taken, a relaxation time of 1
second was included avoiding droplet movements like wobbling.

For the contact angle evaluation, only the two-dimensional images were used. The images were cropped and
binarized. The detected edge of the droplet was divided into a left and right part, to be able to get left and right
contact angles. The detected edges were used to fit an ellipse to the left and right side of the droplet with parts of
the MATLAB toolbox of [3]. At the intersection between a predefined baseline and the fitted ellipse the angle was
calculated. Between the two contact angles, no significant differences could be determined so that the arithmetic
mean was used and which is shown in Figure 3. Additionally, the projected distances of the triple line dependent
from the azimuthal angle is shown in the graphs.

Results

It is important to mention that the observed contact angle is the projected contact angle which can be seen in the
two-dimensional images. Up to now, the liquid distribution of the droplet inside the structure cannot be observed.
Right now a Cassie-Baxter state of the droplet is assumed. Therefore, it cannot be excluded that the liquid is
partly “hanging” into the structure. This would lead to a non-horizontal reference plane for measuring the real, for
flat surfaces, apparent contact angle. This has to be investigated with further experiments looking at the liquid
distribution.

In the following Figure 3, the varying projected mean contact angle 6 and the projected distance of the triple line
dproj is shown in dependency of the azimuthal angle a. Four main results can be seen:

Firstly, the contact angle 6 is getting larger for smaller edge lengths of the pillars, while d; is getting smaller.
Secondly, the contact angle variation decreases for smaller edge lengths. The variation for squared pillars with an
edge length of 60 um is approximately 16 ° while for squared pillars with an edge length of 15 pm is only 9 °. The
contact angle variation for the present grooves is even more significant with 43 ° between the largest and the
lowest contact angle.

Thirdly, a non-circular baseline can be detected in evaluating d,o; in dependency of a. Also here, the variation of
the grooves is the largest. For the squared pillars the variation is also more significant for larger edge lengths.
Fourthly, one can conclude that there is a link between the 6 and dp,.;. Larger contact angles can be found at
azimuthal angles at which d,; is smaller and vice versa.
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Structure type Projected mean contact angle 6 Projected distance of triple line dprq;
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Figure 3. Results of measurements of projected mean contact angle 6 and projected distances of the triple line dp..;
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Conclusion and Outlook

The measurements have clearly shown, that a contact angle measurement on structured surfaces needs to be
performed in a sufficiently high azimuthal angle range. One contact angle is not capable enough to describe
sufficiently well the wetting behavior of the liquid on the surface. Reason for this is a non-circular baseline of the
droplet which has, therefore, a varying contact angle as consequence. In this work, a possible measurement
approach was briefly described.
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a azimuthal angle

0 contact angle

dproj projected distance of the triple line
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Introduction

High-speed droplet impact scenarios appear in a wide range of industrial applications, for example spray coating or
liquid-fuelled engines. In this context, the compressibility effects on both gaseous and liquid components cannot be
neglected. As an example, Haller et al. [1] showed that the jet dynamics during high speed droplet impact are
influenced by a shock wave which travels through the liquid. Since incompressible models cannot capture such
features, the jetting time is not predicted correctly. Accordingly, in [1] a compressible sharp interface model has
been adopted for the purpose. Unfortunately, this approach is restricted with respect to interface morphologies. For
this reason, in [2] a diffuse interface approach has been developed. The authors presented a Navier—Stokes—Allen—
Cahn phase field model which is capable of handling complex interface morphologies and topological changes.
Both phases are compressible and allowed to mix in the interface region.

Despite the reduced prediction capabilities of incompressible models when dealing with a high-speed droplet
impact, it is interesting to quantify the compressible effects on the liquid component. For this purpose, we want to
develop an incompressible—compressible phase field model able to handle two components, one gaseous treated
as compressible and one liquid assumed incompressible. Indeed, a direct comparison between the compressible-
compressible and the incompressible-compressible models allows to get a better understanding of the effects of
the liquid compressibility.

In this work we introduce an incompressible—compressible phase field model, discuss some properties, and present
an approach towards a discontinuous Galerkin (dG) scheme to solve the system numerically with promising
preliminary results.

Mathematical modelling

In this section we sketch the derivation of an incompressible—compressible phase field model motivated by [3]. The
basic idea of phase field models is to introduce an additional variable ¢ named phase field which provides
information of the phase. In the typical context of two phases, ¢ assumes value 0 and value 1 in the two bulk states
and values in between in the interface region. Phase field models are derived based on energy principles and thus
are thermodynamically consistent by construction.

We consider the balance equations in non-conservative form describing two phase flow

p =—pV-u, (€]
P9 = pj, ©)
pé =T:D—-V-q+pr. 4)

Here p denotes the density, u the velocity vector, T = —pl + S + C the stress tensor, p the pressure, S = 2D +
i, (V - w)I the viscous stress tensor, D the strain rate tensor, i.e. the symmetric part of the velocity gradient, C the
capillarity tensor, I the identity matrix, g the dynamic viscosity, i, the bulk viscosity, q the heat flux,  the energy
source per unit mass and j the inter-constituent mass flow rate per unit mass. The ( ' ) symbol specify the material
derivative. In order to derive a thermodynamically consistent model, first we consider the entropy balance equation
in non-conservative form

ps'=—V-Z+§r+si, (5)

with the specific entropy s, the entropy flux X, temperature T, and the entropy production s;. Then we impose to
verify the Clausius—Duhem inequality

ps'Z—V-(%+k)+%. 6)

Here Kk is an entropy flux and £ = —q/T — k.
Compressible phase field models like [2,4,5] are based on the Helmholtz free energy F and the pressure is obtained
from the specific Helmholtz free energy f as p = p? af/dp. However, in incompressible phase field models such a
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derivation is not possible due to the constant density assumption and, therefore, the Gibbs free energy G is needed
which allows to define the density p as
1 dg 7
> 7
Considering the specific Gibbs free energy in the form g = g(T, p, ¢, Vo) and exploiting thermodynamic relations,
one can derive conditions for permissible constitutive relations to achieve a thermodynamic consistent model.
Among different constitutive relations [6] one possible choice leads to the set of Navier~Stokes—Cahn—Hilliard
(NSCH) equations which comprises (1)-(4) with the capillarity parameter y > 0 and

1 14 1—¢

~= : 8
P pallD) | pp(Tp) ®
9= 90T, 0.0) +2I7gl, ©
C=—pyVp @ Vo, =
— 090 T p

M=%(T;P)—;V'(V7V<P), ab
—v.(ovh

j=v <sz>. 12)

Jo is a suitable function that define the specific Gibbs free energy as function of temperature, pressure and phase
field variable. For (8)-(12) the entropy flux and entropy production read as

. q u\ dg B_H

r=-3_v (sz>av(p Byl (13)
i B al’

5= 25D + Ay (V- w? + VT2 +¢ Vel >0, (14)

Notice that the entropy production s; is nonnegative and therefore the model thermodynamically consistent.

Up to now no assumptions have been made on the densities p, and p; of the two phases and thus the derived
NSCH system is valid either for compressible or incompressible phases. In the following we restrict ourselves to
the isothermal case, i.e. T = const., and consider a compressible gaseous phase which obeys the perfect-gas
equation of state, p; = p/a, and an incompressible liquid phase with constant liquid density, p; > 0

1 ¢ 1-9¢

S A i 15
p P p (15

Combining with the Cahn—Hillard relation [7] and equation (7), the specific Gibbs free energy writes

P — Do

p v
g=0 +(1- (p)alnp— +§|V<p|Z + W(p), (16)
)

using the double well potential W (@) = b (1 — ¢)2,b > 0, and the reference pressure p, > 0.

Introducing the pseudo-Mach number M, the Reynolds number Re, the Cahn number C, and the Peclet number Pe,
see [4], the incompressible—compressible Navier—=Stokes—Cahn—Hilliard (ICNSCH) model in nondimensional form
reads as

Op+u-Vp+pV-u=0, a7
1 1 C
patu+p(u-V)u+WVp=§V-S—WV-(pV¢®V¢), (18)
1
pOcp + pu- Vo = oAy, (19)
where,
. P ¢
n =Wi(p)+——aln@)—-=V-(pVe) (20)
PL P
1_9 a
=—+1-¢)— 21
S % 2]
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Properties

In this section we state some properties of the ICNSCH system.

By construction, the ICNSCH system fulfils an energy inequality. Let p, u, and ¢ be smooth solutions of (17)-(21)
with boundary conditions

u=0, Vp-n=Vu-n=0 on 00. (22)
Then the following energy inequality holds:

dE—dJ1||Z+1 ( V)ld—fls-Vd fl|V|2d<o 23
ac T ac), 2P TmzPIP VeI TP X = T ) Re®iYMAXT | Mzpe M XS T (23)

It is interesting to note that for a pseudo-Mach number M that tends to zero, i.e., the so called low-Mach limit, the
ICNSCH converge to the quasi-incompressible model of Lowengrub and Truskinovsky [8].
More in particular for € > 0, let us consider the following regime

M=¢ C=¢% Re=1 Pe=¢€? b=¢% a=1 (24)

In the limit € - 0, the solution of the system (17)-(21) are expected to converge to solutions of the quasi-
incompressible system [8]

v L9 3 +u-p) (25)
n=—-—-— u- ,

53¢ tP @
pou+pu-VNu+Vp=V-S—V-(pVp Q Vo), (26)
PO +pu-Vo = Ap. (27)
Here

pop 1

=W (p) —5=———-V(pV 28

p (@) 230 p (Vo) (28)
_9 (1-9)

=—+—" 29

P PL Pv @

Idea of proof: Formally by assuming an asymptotic expansion, u = u©® + eu® + e2u®@ + .-, u = p, ¢, u,
and comparing terms with different orders of magnitude with respect to the pseudo-Mach number.

Towards a discontinuous Galerkin solver

A popular class of solvers for phase field systems are the so-called energy consistent dG schemes [2,3,9]. They
are based on the idea that the energy inequality (23) of the phase field system should be recovered on the discrete
level without introducing numerical dissipation. This prevents parasitic currents in a near equilibrium situation. In [3]
such a solver was proposed for the ICNSCH system (17)-(21) but not implemented by the authors. As main
drawback, these schemes show restrictions with respect to the step-size of the time integration. Indeed, at best a
second order convergence in time can be achieved. Additionally, the solver is sensitive with respect to larger
variations in energy. Because of the above-mentioned drawbacks and our interest in simulations away from
equilibrium, where parasitic currents are negligible, we want to design a novel solver which can achieve higher
order in time and circumvent the timestep restriction by means of implicit schemes.

The idea is to develop a fully implicit dG scheme based on Godunov fluxes. In order to compute the numerical
fluxes, we exploit the exact solution of local Riemann problems at inter-element boundaries. However, due to the
incompressible nature of the liquid phase, the time derivative of the continuity equation vanishes, thus making
impossible a definition of a Riemann problem solution. In order to circumvent the issue an artificial compressibility
approach is adopted. Indeed, following the work of Bassi et al. [10] an artificial compressibility is added for the liquid
phase only at the inter-element level thus ensuring the hyperbolic nature of local problems. Hence, a natural
approach is to add artificial compressibility with parameter a, > 0, only for the incompressible phase, i.e.

1 ¢ a
—=—+{1-9)-, 30
P P ¢ p (30)

with @ :== gay + (1 — ). This leads to the speed of sound c¢? = u? + a2 (1 - 1I;—;’)oc(pu)z).

However, this approach cannot be applied since hyperbolicity cannot be guaranteed and the sound speed depends
both on the velocity and pressure, which results in the fact that a Riemann solution cannot be explicitly computed.
Therefore, we introduce an artificial equation of state, namely
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€Y

P—Po p

= 1—¢)—.

p <p< P +pL>+( Db
aa > 0 and the corresponding system hyperbolic. Note

. H 2
With (31) the square of the speed of sound is ¢* = prreE—

that for ¢ = 0 we obtain ¢2 = « and for ¢ = 1 we obtain ¢? = a2.
To test the applicability of this novel approach we implemented it for the simpler case of a single-phase

incompressible Navier—Stokes system with the artificial equation of state

p—p
= ° ¥ pyL. (32)
0
First results are promising, see Figure 1, where the following test case T1 was considered:
(33)

Pu x <05 U= {ul: x <05 with p; = 1,4, =0,p, =0.1,u, =0

P= {pr, 205 "Tlu, x2085
For finer grids the solution converges nicely to the exact solution. In a forthcoming publication we will extend this

approach to the ICNSCH system.
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Figure 1. DG P° method applied to test T1. Comparison between numerical and exact solutions on three grids of 100

(grid A), 1000 (grid B) and 10000 (grid C) elements. For the grid B and grid C only the solution of 1/10 and 1/100 of
the elements is shown, respectively.
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Introduction

In most industrial multi-phase simulations that also include phase change, Lagrangian models are used to keep
track of the liquid phase and the evaporation process. One major assumption of these evaporation models is that
they are based on the evaporation of a single isolated droplet. However, they do not account for interactions of
neighbouring droplets. Hence, they are not well suited for the simulation of dense sprays, where the distance
between droplets is rather small. According to [1], the interaction of evaporating droplets starts when the non-
dimensional droplet distance

p=t (1)

is smaller than 8. Here, L refers to the distance of the droplet centres, and Drefers to the droplet diameter.

Using the method of Direct Numerical Simulation (DNS), a numerical study of two neighbouring evaporating
droplets is performed. The temperature and vapour profiles in the near droplet neighbourhood are analysed. The
results are compared to the screening factor calculations from the analytical model by [2]. The overall goal is to
improve the understanding of the influencing parameters for a simple approximation that can then be used in
Lagrangian models.

Numerical method

The simulations were carried out using the in-house code Free Surface 3D (FS3D) [3], a multiphase DNS tool
developed at the ITLR. The code solves the incompressible Navier-Stokes equations using the volume of fluid
(VOF) method [4] to account for multiple phases. The convective transport is determined by the piecewise linear
interface calculation (PLIC) method [5].
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Figure 1. Schematic of scalar fields of both VOF-variables f, (black) and f, (red)

In order to account for phase change processes, an additional VOF variable, f,, is introduced for the volume
fraction of vapour (see Figure 1). As a consequence, we now solve a second transport equation

a 3 (,ll
D7 (faugy) = V- (D1zVf2) + 55, (2)

which includes a source term for the evaporating mass as well as a diffusion term. The source term is also
accounted for in the transport equation of the liquid phase. However, diffusion of gas or vapour into the liquid
phase is neglected.
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Results and Discussion
A water droplet tandem at temperature of 293 K is simulated with a non-dimensional distance of g = 2. The
surrounding gas properties are set to those of air and no external flow field is induced. Figure 2 shows the contour

plots of both the vapour volume fraction (left) and temperature distribution (right) on a centre slice through the
domain.

vapour volume fraction (-) temperature (K)
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— : b e — : b —

Figure 2. Contour plots of vapour volume fraction (left) and temperature (right)

Both droplets have the same size of D = 6 x 10~* m. The computational domain has a size of 5D X 5D x 5D with
a resolution of 128 x 128 x 128 cells. Figure 2 displays the expected symmetry of the problem. Even though the
simulation is started in isotherm conditions (with the surrounding gas being also at 293 K), a temperature
decrease at the droplet surface can be seen. This is due to the latent heat of evaporation which is required for the
phase change. This can be further observed in Figure 3, showing the distribution along the centre line.
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Figure 3. Distribution of vapour volume fraction (left) and temperature (right) along centre line

The existence of the second droplet has an evident influence on both the vapour and the temperature profile.
First, the total evaporation rate decreases compared to that of two single, isolated droplets. Vapour accumulates
between the droplets and does not diffuse to the surroundings. Therefore, the gradient of the vapour volume
fraction decreases and with it also the evaporation rate. Second, the gas phase between the two droplets cools
down, which causes a further decrease in the evaporation rate.
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Finally, the numerical results of the evaporating droplet tandem are compared to an analytical solution [2] using a
so called screening factor, which compares the total evaporation rate of the tandem to the sum of the evaporation
rates of two isolated droplets and is defined as

=

Mey,1+Mey2

3)

Mey,is, 1t Mep,is2

The analytical approach holds a value of ¢gnayricar = 80.48 % while the DNS results in a value of
dpns = 92.98 %. Even though these values are in the same range, further investigations will show why the
simulations show a much weaker influence of the neighbouring droplet. Additionally, a parameter study on the
distance, temperature level, and initial vapour mass fraction will be conducted.
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Nomenclature

B [ nondimensional droplet distance

D [m] droplet diameter

D1z [m? s binary diffusion coefficient

fi [ volume fraction (i = 1: liquid, i = 2: vapour)
L [m] distance between droplet centres

my’ [m3 kg volumetric mass source term

Pv [kg m3] vapour density

Ugp [ms™2] gas phase velocity

0] [-] nondimensional screening factor

DNS Direct Numerical Simulation

FS3D Free Surface 3D

PLIC Piecewise Linear Interface Calculation
VOF Volume of Fluid
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Introduction

When investigating multiphase flow, important aspects to consider are free surfaces, their influence on coherence
and breakup of droplets, and the influence of droplet-local flow on droplet shape and topology. To this end, we
want to provide visualization techniques and the means for visual analysis of complex multiphase flow data. This
data is obtained from direct numerical simulations (DNS), in this case from the solver Free Surface 3D (FS3D) [1],
which solves the Navier-Stokes equations for incompressible multiphase flow. The data consists of a velocity field
and a volume of fluid (VOF) [2] field, whereas the latter can be used to reconstruct the fluid interface.

In the following, we will present three projects, which all aim at using visualization for gaining understanding of
phenomena related to flow in droplets and forces acting on the free surfaces.

Visual Analysis of Interface Deformation

This project concerns itself with the investigation of the influence of forces acting on the surface of droplets. To
this end, two derived quantities are used for visualization: interface stretching and interface bending. The former
can be seen in Figure 1(a). Here, interface stretching is visualized using tube glyphs, their orientation indicating
the direction of stretching, their color showing the magnitude. On the left side of the image, only the larger values
indicating stretching are shown in red. Note the orientation of the glyphs along the tunnel-like structures, which
depict that the fluid is moving from the tunnels into the larger structures at their ends. On the right side, the
smaller values are visualized in blue, which indicate contraction. Here, the orientation of the glyphs allows the
interpretation that the tunnel-like structures are subject to thinning and may eventually collapse. This outcome can
be observed in the subsequent time steps shown in Figures 1(b) and (c). Hence, interface stretching enables us
to analyze the effect of the surface tension force on coherence and breakup of droplets.

Figure 1. Interface stretching. For the symmetric dataset in (a), the larger values and corresponding vectors are shown in red,
the smaller values are visualized indicating contraction in blue. Subsequent time steps are depicted in (b) and (c).

The second quantity, interface bending, is visualized in Figure 2 on a dataset where two droplets of different
species are at the onset of coalescence. Due to the different fluid properties of the droplets, they exhibit a large
surface tension gradient at the point where they are initially touching. This leads to forces induced by Marangoni
convection, and fluid from the right droplet begins to spread across the surface of the left one, forming a capillary
wave. Figures 2(a) to (d) show this evolution. Here, the largest bending of the surface is visualized, where the red
glyphs show an increase in convexity in front of the wave and blue glyphs an increase in concavity in its wake.
Thus, the visualization allows us to analyze the induced forces by means of interface bending.
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Figure 2. Interface bending. The time steps from (a) to (d) show tube glyphs for an increase in concavity in red and an increase
in convexity in blue, their orientation indicating the direction of change.

Visual Analysis of Irregular Droplet Behavior

To be able to understand complex phenomena and datasets, we aim at employing machine learning techniques
together with visual analysis methods, in order to detect anomalous droplet behavior. For this, we compute per-
droplet properties, such as average velocity, energies, and surface-to-volume ratio, use machine learning to train
a very simple neural network, and finally visualize the prediction error for the input properties. A large prediction
error means that the droplet exhibits unusual, non-standard behavior. This makes the droplet interesting for us to
analyze. The whole process allows us then to visually analyze large, complex datasets, as seen in Figure 3 for a
jet dataset.
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Figure 3. Visual analytics framework. Filter options are available on the upper left side; information and droplet properties are
visualized and shown on the lower left and on the right side. In the center, the dataset is shown in the top view, as well as
droplets similar to the selected one in the bottom view.

For interactive analysis, the user can now filter for different prediction errors, droplet shapes and any of the input
properties, as well as combinations thereof. After interactively selecting a droplet of interest in the main view,
information about the droplet properties is shown as text and visualized in bar and spider charts. Additionally,
other droplets with similar properties are drawn in the view below, showing the droplets at different time steps.
This allows the user to find and compare droplets easily in a complex dataset. Other features include the
visualization of time series, where multiple time steps are aggregated into one visualization, allowing the user to
see the evolution of droplets.

Using our framework for visual analysis of the shown jet dataset, we ended up with some interesting findings.
Droplets with low prediction error usually exhibited shear flow. However, in droplets with larger prediction error,
we sometimes encountered vortices or saddles. Additionally, our framework lends itself well for debugging
purposes, as large errors might also arise due to numerical issues or bugs in the solver code.
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Visualization of Droplet-Local Flow

To investigate the influence of fluid dynamics on droplet behavior and topology, we want to employ streamlines,
pathlines, and streaklines. The major problem with those techniques in three dimensions is visual clutter and
occlusion. Especially when dealing with high translational or rotational velocities of droplets, this leads to non-
expressive visualizations, as can be seen in Figure 4(a) for streamlines in a jet dataset. Aside from the general
direction of the flow, we are unable to observe details. Using a droplet-local approach, as seen in Figure 4(b), this
disadvantage can be mitigated, revealing much finer structures.

(a) (b)

Figure 4. Streamline visualization for a jet dataset, with streamlines from the classic approach in (a), and droplet-local
streamlines computed with our method in (b). Lines are colored from white to red to indicate the flow direction.

Hence, the idea is to remove the translational and rotational velocity parts from the velocity field, essentially using
a different frame of reference per droplet. For a single droplet, this would mean that we observe it through a
camera, which is moving with the same average velocity and rotating around the same axis as the droplet.
Results can be seen in Figure 5 for pathlines in a drop collision dataset. For example, the droplet-local pathlines
in Figure 5(b) strongly indicate that the fluid is gathering in the larger spherical structures at both ends, eventually
leading to a breakup. This cannot be seen as easily in Figure 5(a) for the classic pathlines. Moreover, in Figure
5(d), showing the droplet-local approach, we can observe a saddle structure within the droplet at whose center we
would expect a saddle point. This is not visible in Figure 5(c) visualizing classic pathlines.

© (d)

Figure 5. Pathline visualizations for a drop collision dataset containing many droplets. On the left side ((a) and (c)), classic
pathlines are shown. On the right side ((b) and (d)), droplet-local pathlines are visualized for the same respective droplets.

Extending this work to support feature-local line integration methods, where the droplet's frame of reference is
fixed relative to, e.g., a Lagrangian coherent structure, we want to investigate the influence of fluid dynamics in

breakup regions.
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Introduction

SCR (selective catalytic reduction) systems are widely used in power generation and automotive sectors. So far,
the largest market for SCR systems has been related to automotive compression ignition (Cl) engines. Ongoing
electrification is expected to slowly limit that market. Among the engine applications for SCR technology which are
expected to grow in the future are stationary and marine Cl and dual-fuel engines, as well as stationary lean-burn
spark ignition gas engines intended to work in areas of extremely low emission limits. When equipped with an
SCR system the engine then can be optimized to maximum efficiency, since NOx are reduced in the
aftertreatment system. Another potential market is related to increased interest in ammonia combustion which
leads to high NOx emissions. Regardless of the application, the principle is the same, and the crucial element to
achieve efficient NOx reduction is to properly distribute a urea-water solution (UWS) over the exhaust gas stream,
evaporate the water, convert the urea into ammonia and mix it with exhaust gases before it reaches the inlet to
the catalyst. This process is strongly dependent on the spray and its parameters need to be properly adjusted to a
specific exhaust system’s design.

In this study we have demonstrated the research procedure based on coupled experimental spray research and
CFD (computational fluid dynamics) simulations, to evaluate the injection pressure’s influence on an SCR
system’s performance; while avoiding the time consuming and expensive iterative process of manufacturing and
testing several series of prototypes. The method presented here is a universal method to limit experimental
research and speed up the development process of devices employing liquid injection; it can be applied to fuel
injection as well. In order to limit the computational time, the simulations presented here were conducted on a
small-scale SCR unit designed for an automotive Cl engine and constitute prerequisites for large-bore stationary
engine simulations.

The presented research was conducted for two injection pressures, namely 0.4 and 0.5 MPa (gauge pressure),
and was to determine whether its decrease from 0.5 to 0.4 MPa leads to a considerable change in the UWS-
exhaust gas mixing performance. The mixing quality was evaluated using CFD simulations. Wall film formation
and the uniformity of the ammonia concentration were used to quantitatively assess this process. The full exhaust
system simulations needed to be preceded by some UWS spray experimental research, to determine the spray
properties at the considered injection pressures. In this study the required data was taken from the literature [1].
The experimental data was used as input parameters to CFD calculations and to calibrate the spray models. The
CFD simulations were performed for three different operating points with different exhaust gas mass flow rates.

Material and methods

The simulations were performed on an SCR model for a small automotive Cl engine. The model included the
SCRF (selected catalytic reduction on filter), a DOC (diesel oxidation catalyst) as well as a mixer and an injector
mounted between the catalysts (Figure 1). As seen in Figure 1 the UWS was injected towards the static mixing
device. The computational mesh was constructed starting from the catalysts’ connector, where the polyhedral
mesh was built. The end planes of the connector (outlet from the DOC and inlet to the SCRF) were then swept to
create structural meshes in the catalysts’ bricks. The mesh was created using AVL FIRE M™ v.2018 software.
The CFD (computational fluid dynamics) simulations were performed on the AVL FIRE™ v.2014.2 software using
the RANS (Reynolds-averaged Navier-Stokes) method. The turbulences were modelled according to the k-{-f
model [2]. The DOC and SCRF were modelled as one-direction porous zones, where the pressure drop was
calculated by the Forchheimer formula [3].

For spray modelling, the Lagrangian approach was employed. The parameters used to properly represent the
spray such as: the initial jet velocity, spray plume angle, injected mass, and the droplet size distribution were
taken from the experimental research in the literature. The UWS decomposition was modelled as a 2-step
process; where first, water evaporates from the droplets until only urea remains, and then the urea decomposes
into NHz and HNCO in a thermolysis process [4]. The droplet-wall interaction was modelled according to the
Kuhnke approach [5].
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Figure 1. Geometrical model of the SCR system

The simulations were performed for two different injection pressures. This required two different simulation set-
ups since most of the spray parameters used to model the spray such as: the initial jet velocity, spray plume
angle, injected mass, and the droplet size distribution, were different. The spray model parameters were taken

from the literature [1] and are shown in Table 1.

Table 1. Spray model parameters (based on [1])

Parameter Unit Pinj= 0.4 MPa Pinj= 0.5 MPa
Inclination angle deg 6 6

Single plume angle deg 4.9 7.3

Static volumetric flow cm’/s 0.74 0.82

Initial jet velocity m/s 24.5 26.1

The simulations were performed for three different exhaust gas mass flow rates, which required different injection
durations. The simulation parameters for the three mass flow rates and two injection pressures are shown in

Table 2.

Table 2. Simulation parameters

Exhaust gas Exhaust gas NOx UWS Injection duration Injection duration
mass flow temperature  concentration  dosage Pinj= 0.4 MPa pinj= 0.5 MPa
kg/h °C ppm mg/s ms ms
100 17.74 5.5 5.0
200 300 200 35.49 111 10.0
300 53.23 16.6 15.0

29



Joint experimental and numerical study to evaluate the effect of injection pressure on SCR system performance

Results

The ammonia concentration distribution at the plane 12 mm downstream from the SCRF inlet is shown in
Figure 2. As a quantitative parameter for evaluation of the uniformity of the ammonia distribution, the time-
averaged ammonia mass uniformity index Ul, was calculated. The calculated values of the ammonia uniformity
index are shown together with the ammonia concentration contours in Figure 2.

a) Ul=81.8% b) Ul =87.7% c) Ul = 88.6%
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Figure 2. Time integrated NH3 molar flux scaled to the cell face area - 12 mm from the SCRF inlet for different exhaust gas
mass flow conditions and injection pressures: (a) 100 kg/h, pi;j= 0.4 MPa; (b) 200 kg/h, pi; = 0.4 MPa; (c) 300 kg/h,
pinj= 0.4 MPa; (d) 100 kg/h, piri= 0.5 MPa ; (e) 200 kg/h, pi,j = 0.5 MPa; (f) 300 kg/h, pi, = 0.5 MPa

As shown in Figure 2 the ammonia distribution is in general similar for both studied injection pressures. For low
and medium mass flow rates the uniformity index was higher for 0.5 MPa injection pressure; while for the highest
mass flow rate the effect was opposite; however, the difference was then negligible.

As for the wall film formation, the difference between the two injection pressures was more visible (Figure 3). The
wall film mass per unit area in the case of the 0.4 MPa injection pressure was higher for all mass flow rates.
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Figure 3. Wall film at the end of simulation per wetted area

Summary and Conclusions

In this study the research procedure based on the coupling of experimental spray research and CFD simulations
has been used to evaluate injection pressure influence on an SCR system’s performance as an alternative to the
time consuming and expensive iterative process of manufacturing and testing several series of prototypes.

The contours of the ammonia concentration were in general very similar; however, differences in the uniformity
index could be noticed. For the low and medium mass flow rates the uniformity index was higher for 0.5 MPa
injection pressure; while for the highest mass flow rate the effect was opposite, but not as strong. It is difficult to
conclude if the differences were acceptable — it depends on the design target. Although the 0.7 and 0.3
percentage point difference for medium and high mass flow seems to be negligible, 1.8 percentage point
difference for the lowest mass flow rate seems to be already a considerable difference. As for the wall film
formation, the differences between the two injection pressures were even more distinct. The wall film mass per
unit area in the case of 0.4 MPa injection pressure was higher for all mass flow rates.

The proposed approach of linking experimental spray studies with further numerical simulations allowed the
capturing of differences in the system’s operation when the injection pressure was decreased. The method
presented here is a universal method to limit experimental research and speed up the development process of
devices employing liquid injection; it will also be applied in the simulations for a large-bore stationary engine in the
future. There still remains a question about the accuracy of the simulations. This, however, can be verified for one
selected design by comparing it with a single prototype test.

Nomenclature

Cl compression ignition

CFD computational fluid dynamics

DOC  diesel oxidation catalyst

Pinj injection pressure

SCR  selective catalytic reduction

SCRF selective catalytic reduction on filter
ul uniformity index
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