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Abstract

The present work focuses on the characterization of the low-pressure driven injection applied
to the pre-catalytic section of a Selective Catalytic Reduction system for vehicle applications.
Phase Doppler Anemometry represents the main technique to assess the spray kinematic fea-
tures in cross-flow conditions in a very confined environment. The experiments are mostly
carried out in a test bench able to reproduce Diesel engine exhaust after-treatment operating
conditions, providing size and velocity distributions of the droplets generated by two different
commercially available injectors.
The data are used, coupled with qualitative Shadow Imaging visualizations of the sprays, to
initialize a numerical injection model for each nozzle, to be included in a Lagrangian-Eulerian
framework handled with the open-source platform OpenFOAM®. The CFD simulation is vali-
dated on the near-nozzle behavior in quiescent air and on the data collected close to the primary
impingement surface in cross-flow conditions.
A conspicuous fraction of the liquid mass impacts the surface and its quantification is carried
out with a mechanical patternator, producing spatially resolved mass distributions and show-
ing that the entrainment in cross-flow is always less than the 50 % of the injected mass. The
simulation is used to estimate the intrusiveness of the instrument in the system, and then it is
compared to the mass flux data, highlighting the improvement produced by the fixed number of
droplets per parcel approach in the definition of the dispersed phase.
A literature based spray-wall interaction model is implemented in the CFD code, introducing
a thermal threshold on the interaction regime identification and the conductive heat transfer
between spray and walls, which are solved in their thermal transients.
The direct interaction of the droplets with the solid surfaces is identified as the paramount term
in the walls energy balance, and is represented with synthetic impingement maps. On the other
hand the impact on the walls is found to be the only source of break-up for the primary droplets,
which are not deflected by the flow.

Keywords SCR, CFD, PDA, Low-pressure injection, Spray-wall interaction
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Riassunto

Il lavoro proposto pone l’attenzione sulla caratterizzazione dell’iniezione a bassa pressione uti-
lizzata nella sezione pre-catalitica di un sistema per la riduzione di ossidi d’azoto (Selective
Catalytic Reduction) applicato a veicoli.
La Phase Doppler Anemometry rappresenta il principale strumento per la valutazione delle
proprietà cinematiche di uno spray in condizioni operative realistiche. La dimensione e la ve-
locità delle gocce iniettate da due diversi iniettori è misurata principalmente attraverso l’uso
di un banco prova in grado di riprodurre le condizioni termo-fluidodinamiche di un sistema di
rimozione inquinanti.
I dati sono utilizzati, in accoppiamento con la visualizzazione della morfologia dello spray at-
traverso Shadow Imaging, per inizializzare i modelli di iniezione da inserire in simulazioni CFD
con approccio Lagrangiano-Euleriano realizzate con il software open-source OpenFOAM®. I
risultati numerici sono validati sulla base di dati raccolti rispettivamente nella regione d’inie-
zione e vicino alla superficie solida di impatto dello spray.
La cospicua frazione di massa liquida che interagisce con le pareti del sistema è quantificata
attraverso un patternator meccanico in grado di produrne una distribuzione spaziale. Le misure
mostrano che più’ della metà del liquido iniettato impatta con la parete solida del sistema, in
qualsiasi condizione di flusso gassoso. Le simulazioni fluidodinamiche sono usate per valutare
l’intrusività dello strumento nel sistema e successivamente sono comparate ai risultati di flusso
di massa liquida, sottolineando come l’assegnazione di un numero costante di gocce ad ogni
parcel computazionale migliori la rappresentazione dello spray.
Un modello di interazione spray-parete basato su dati di letteratura è stato implementato nel
codice, introducendo una soglia termica nell’identificazione del regime di impatto e risolvendo
lo scambio termico con le superfici del sistema.
L’interazione termica diretta tra gocce e solido è identificata come il termine principale nel bi-
lancio termico delle pareti solide, ed è rappresentata con mappe di impatto che sintetizzano il
fenomeno. Dal punto di vista dello spray, l’interazione con le pareti rappresenta l’unica sor-
gente di break-up delle gocce primarie, che non riescono a essere deviate dal flusso gassoso.

Keywords SCR, CFD, PDA, Iniezione a bassa pressione, Interazione spray-parete
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CHAPTER1
Introduction

Selective Catalytic Reduction for automotive applications

Nitrogen Oxides (NOx) production is a characteristic feature of the technologies in-

volving air temperatures higher than 1500◦ C, like combustion and engines [61]. NO

represents the prevalent specie generated from engines and the majority of the emitted

flux oxidizes to NO2 in the atmosphere. NO2 is reactive with hydrocarbons to form

ozone, which, if present in high concentrations, significantly deteriorates the air quality

in urban environments. Moreover high NOx concentrations in urban areas, which is

related for more than the 40 % to vehicle emissions, has a toxic potential for humans,

contributing to respiratory diseases [28].

For the current Diesel engines, the efficiency improvement resulting from lean com-

bustion conditions and high in-cylinder temperatures is in trade-off with an excessive

production of NOx [37]. Moreover the reduction of particulate matter (PM) can be ob-

tained improving the uniformity of the fuel-air mixture and the combustion efficiency,
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Chapter 1. Introduction

creating conflicting requirements for the fulfillment of the overall regulation limits [38],

as shown in Fig. 1.1.

Figure 1.1: Emission regulation comparison (adapted from [38]).

Within this framework the tailpipe emission reduction becomes one of the leading

approaches to control the emissions and to reduce the fuel consumption.

The three way catalyst represents the most effective NOx reduction system for spark

ignition engines and requires the absence of oxygen, allowing the reduction of NOx

by unburnt CO and HCs on rhodium active sites. Unfortunately, this technology is not

applicable to lean-burn Diesel engines, since the large fraction of oxygen out of the

combustion process provides an oxidant source for the unburnt hydrocarbons and ad-

sorbs on Rhodium active sites saturating them, excluding the NOx from the reaction

scheme.

In this scenario a Selective Catalytic Reduction (SCR) of nitrogen oxides using ammo-

nia (NH3) as a reductant, which is a robust technology commercialized for decades in

the stationary sector and capable of providing high selectivity and efficiency across a

substantial temperature range [83], becomes an interesting solution to the NOx emis-
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sion control.

The key SCR reactions, catalyzed on Vanadia, copper zeolite or iron zeolite [100], are

the following:

NH3 + NO +
1

4
O2 → N2 +

3

2
H2O standard SCR (1.1)

NH3 +
1

2
NO +

1

2
NO2 → N2 +

3

2
H2O fast SCR (1.2)

NH3 +
3

4
NO2 →

7

8
N2 +

3

2
H2O (1.3)

Reaction (1.1) involves only NO and is always present, but is slower than (1.2) which

requires NO2. For this reason the usual configuration of an exhaust after-treatment

system [16], (depicted in Fig. 1.2) includes a Diesel Oxidation Catalyst (DOC) before

the SCR section to oxidize a fraction of the NO with the excess oxygen (1.4).

NO +
1

2
O2 → NO2 (1.4)

This process needs to be well designed, because if an NO2/NO ratio higher than one is

produced by the DOC, the excess of NO2 can yield to a strong greenhouse gas, N2O,

production through (1.5):

NH3 + NO2 →
1

2
N2 +

1

2
N2O +

3

2
H2O (1.5)

To avoid the toxic ammonia slip produced by unbalanced feed or insufficient gaseous

mixing an Ammonia Slip Catalyst (ASC) is put at the end of the tailpipe, providing the

reaction (1.6):

NH3 +
3

4
O2 →

1

2
N2 +

3

2
H2O (1.6)

In mobile applications, since the ammonia is toxic and flammable, the SCR technology

is based on the injection of Urea Water Solution (UWS). The liquid mixture, 32.5 %

w/w of urea in distilled water, corresponds to the eutectic composition providing the

minimum freezing point (-11◦) and represents a safe and stable ammonia carrier. The

urea based system introduces an injection unit, located before the SCR catalyst as in

Fig. 1.2, which involves a tank and a low-pressure dosing unit.
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Chapter 1. Introduction

Figure 1.2: Common layout of a Diesel engine tailpipe system [16].

The ammonia feed preparation process is defined by the evaporation of the mixture and

the thermolysis of the urea into ammonia and isocyanic acid [79] (1.7):

(NH2)2CO → NH3 + HCNO (1.7)

In presence of water vapor, the isocyanic acid reacts, generating another mole of am-

monia (hydrolysis) (1.8).

HNCO + H2O → NH3 + CO2. (1.8)

Static mixers represent the most common tool to enhance the reacting mixture spatial

uniformity [18, 67] at the catalyst inlet, which has been found poor and independent

on the exhaust cross flow magnitude for low pressure-driven UWS sprays [86]. Since a

vigorous conversion of the urea has been found to be active only above 150◦ C [13,103]

and the catalyst light-off temperature is set at 200◦ C [30], the New European Driving

Cycle (NEDC) (Fig. 1.3) for passenger cars does not provide satisfactory thermal con-

ditions in a significant fraction of its extension. The graph reported in Fig. 1.3, pro-

posed by [30] on the basis of the data provided by [75] reports the exhaust temperature

evolution at the UWS system key points (injection and catalyst inlet), underlining the

4
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need of a fast heat-up of the system, as well as an extension of the mixture prepara-

tion to low temperature, through the increment of the residence time and the mixing

efficiency. The design of a fast and uniform mixture feed to the catalyst needs to take

Figure 1.3: New European Driving Cycle temperature transient [30, 75].

into account the interaction with the gas flow and its solid boundaries (pipe walls and

mixers) over a wide range of time scales, as sketched in Fig. 1.4.

The most critical issue is represented by an excessive spray-wall interaction which

may lead to the deposition of a fraction of the injected solution and, in the worst case,

to permanent solid by-product formation, as shown in Fig.1.5. These unwanted de-

posits can generate an alteration of the fluid dynamics of the system, a back pressure

increase and eventually the deterioration of the system components [110].

A correct description of the UWS spray is the key point for a sufficient ammonia mix-

ture preparation strategy, allowing an efficient operation of the system and its coupling

with the engine over a wide range of load conditions.

Objective, approach and structure of the thesis

The objective of this work is the characterization of the pre-catalytic section of an urea

based SCR system for automotive applications. The focus is put on the experimental in-

vestigation of commercially available pressure-driven injector behaviors in a confined

5
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Chapter 1. Introduction

Figure 1.4: Processes involved in the dosing module of an urea based SCR system [30].

environment across the engine operating conditions and the definition of numerical

models to be included in a Computational Fluid Dynamic platform. Major attention

is put on the validation of the simulation results and the construction of a low compu-

tational cost tool able to represent the relevant thermo-kinematic phenomena in a full

size test case. The experimental activity is based on optical techniques to characterize

the spray evolution in cross flow conditions: Phase Doppler Anemometry (PDA) and

Shadow Imaging (SI) represent the main activity, which has been carried out at Empa

laboratories1. The simulation activity is completely covered by the open-source 3D fi-

nite volume software OpenFOAM® which has been extended and developed to handle

the phenomena involved in the system. The core of the numerical campaign involves

a Lagrangian description of the dispersed phase representing the spray, coupled with a

finite volume Eulerian approach for the gaseous and solid phases, within the Unsteady

Reynolds Averaged Navier Stokes (URANS) turbulence description framework. The

thesis follows the path of the UWS solution in the system and can be summarized in

three key points:

1Swiss Federal Laboratories for Materials Science and Technology, Dübendorf, Switzerland
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Figure 1.5: Urea by-product deposits on a static mixer [62].

• characterization of the injection and the spray interaction with gaseous atmo-

sphere. The behavior of two commercially available injectors is measured for

distilled water and AdBlue® in quiescent air at the closest accessible location.

The collected data are used to characterize and validate a robust and reliable nu-

merical injection model. Then the injectors are installed on an engine-less test

bench which reproduces exhaust after-treatment operating conditions, and the

spray properties are assessed through PDA and coupled with previously collected

Shadow Imaging data. The test-rig is reproduced with the simulation, validating

the code behavior with relevant spray-cross flow interaction;

• assessment of the spray near-wall behavior. The spray path towards the catalyst

is retraced by the experimental and numerical activities, including the spray in-

teraction with the wall. The numerical simulation of the whole test-rig provides

an assessment of the performance of a newly developed mechanical patternator

able to sample the spray mass flow directed to the system walls. The measured

mass flux on the wall is then numerically reproduced and a new spray impinge-

ment model describing both the kinematic and the thermal interaction model is

implemented and tested, including the simulation of the thermal transients of the

solid walls;

• evaluation of full-size system characteristics at engine operating conditions. The

developed and validated simulation tool is applied to the experimental test rig to

estimate the realistic behavior of a complete injection pulse to the catalyst inlet and

to point out the strengths and the drawbacks of the low-pressure driven injection

to prepare an uniform reactive gaseous mixture.

7
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CHAPTER2

Fundamentals of SCR injection

Low pressure-driven injection represents the commercial standard for Selective Cat-

alytic Reduction applications and it has been the focus of experimental and numerical

research activities in the recent past [8, 12, 13, 15, 45, 46, 77, 84–86, 91, 95].

In this chapter a critical analysis of the phenomena and their handling in literature is

provided to build the basis for the simulation campaign of this work.

2.1 Numerical framework

The numerical activity in this thesis is carried out through Computational Fluid Dy-

namics (CFD), which indicates the numerical solution of multidimensional flow prob-

lems [88]. The pre-catalytic section of an SCR system is governed by conservation

principles for mass, momentum, energy and species representable with a set of partial

differential equations in terms of time and space which can be integrated numerically.

9
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Chapter 2. Fundamentals of SCR injection

2.1.1 Transport equations for the gas phase

The finite volume approach [97] is chosen for the discretization and the solution of the

equations and it is handled by the open-source platform OpenFOAM®. The differen-

tial form of a conservation equation can be expressed as (2.1), where φ represents a

generic conserved variable, U the velocity, Γ the diffusion coefficient and Sφ the source

term [97].
∂ (ρ φ)

∂t
+ 5 · (ρ φU) = 5 · (Γ 5 φ) + Sφ (2.1)

It is usually called the transport equation of φ and it is composed of:

• rate of increase of φ of fluid element - rate of change;

• net rate of flow of φ out of fluid element - convective term;

• rate of increase of φ due to diffusion - diffusive term;

• rate of increase of φ due to sources - source term.

and setting φ equal to 1, Ui, h (enthalpy), Yi (mass fraction of the ith specie) results in

the conservation of mass, ith component of the momentum, energy and ith specie.

The diffusion coefficient Γ for the momentum equation is a result of the Newtonian

assumption applied to the fluid. In fact the governing equation development leads to

the introduction of the viscous stresses τij to take into account the forces balance on

the boundaries of an arbitrary control volume. In many fluid flows the viscous stresses

can be expressed as functions of of the local deformation rate, which is composed of

the linear deformation component and the volumetric deformation component in 3D

problems.

The volumetric deformation is given by the three linear elongating deformation com-

ponents (2.2)
∂ Ux
∂ x

+
∂ Uy
∂ y

+
∂ Uz
∂ z

= 5 ·U (2.2)

and the viscous stresses are proportional to the rates of deformation. For compress-

ible flows, two constants of proportionality (viscosities) are introduced: µ to relate the

stresses to the linear deformation and λ, usually considered equal to −3/2µ, for the

volumetric components.

10
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τii = 2µ
∂ Ui
∂ xi

τij = τji = µ

(
∂ Ui
∂ xj

+
∂ Uj
∂ xi

) (2.3)

For the energy conservation, the shear stresses can be rearranged to define a volumetric

dissipation function which acts as a source term.

The integration of (2.1) over a three dimensional volume V constitutes the key step of

a finite volume method (2.4)∫
V

∂ (ρ φ)

∂t
dV +

∫
V

5 · (ρ φU) dV =

∫
V

5 · (Γ 5 φ) dV +

∫
V

Sφ dV (2.4)

which, thanks to the Gauss’ divergence theorem can be re-written as (2.5) to highlight

the convection and diffusion of φ across the control volume boundaries A.

∂

∂ t

(∫
V

ρφ dV

)
+

∫
A

n · (ρφU) dA =

∫
A

n · (Γ 5 φ) dA +

∫
V

Sφ dV (2.5)

In time-dependent problems, like the ones simulated in this work, it is necessary to

integrate the equations with respect to time t over a small interval ∆ t. Further details

on the Eulerian finite volume approach can be found in [29, 97].

2.1.2 Turbulence handling

For many engine applications, the focus of the numerical calculation is put on the mean

flow behavior and on the effect of turbulence on mean flow properties. Moreover a

comprehensive simulation of a turbulent flow requires a space and time discretization

capable of resolving the Kolmogorov microscale and the characteristic time associated

with it [29]. For this reasons the approach chosen to handle the Navier-Stokes equations

involves the modeling of the turbulent phenomena, and is based on the time averaging

process leading to the Reynolds Averaged Navier-Stokes (RANS) equations in which

the average of the fluctuating component gives rise to an additional term in (2.1). This

term is derived to be coupled with the diffusion one where an effective diffusion coeffi-

cient is introduced as the sum of the dynamic and the turbulent components (2.6).

Γ
′

= Γdyn + Γturb (2.6)

11
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Chapter 2. Fundamentals of SCR injection

The determination of the value of the turbulent viscosity µt is the main scope of the

turbulence model. In this work the standard k − ε model is used and introduces two

transport equations for the turbulent kinetic energy k and its dissipation rate ε. These

two new transported variables represent the basis for computing the turbulent viscosity

µturb as (2.7) and on which deriving the diffusion coefficient for energy and specie

balances.

µturb = ρCµ
k2

ε
(2.7)

The RANS modeling of the transport equations represents the most common approach

to simulate the UWS injection sections, mainly because of the large domains involved

in the computations and the necessity to simulate for relevant duration to capture the

thermal and reacting phenomena involved in the mixture preparation [8, 12, 13], as the

wall temperature transients (Fig. 2.1-a) and the ammonia conversion (Fig.2.1-b).

(a) (b)

Figure 2.1: Characteristic time of the solid wall thermal transient [12] (a) and of the ammonia conver-
sion process [12] (b) .

No relevant agreement is found in the choice of the turbulence model: some au-

thors [91, 95, 96] used the RNG k − ε [64], others [15] the realizable k − ε [81]. The

simulation of stronger swirling flows has been carried out recently with k − ζ − f

model [34] by [8] and with the Reynolds Stress Model (RSM) by [31]. Since this un-

certainty does not define a prevalent way to proceed, the choice in the presented work

is driven by the experience with the OpenFOAM® software for Lagrangian-Eulerian

engine spray applications [47, 50, 93].

12



i
i

“lorenzo-thesis” — 2017/10/4 — 15:39 — page 13 — #43 i
i

i
i

i
i

2.1. Numerical framework

2.1.3 Liquid injection handling

Liquid injection can generate a great number of droplets (up to 108) with diameters in

the range of 10−5 m. To be able to represent this phenomenon, a statistical averag-

ing technique becomes necessary with additional submodels in order to describe the

subscale processes. The so-called spray equation [106] defines the probable number

of drops per unit volume at time t, that are located between position x and x + dx

and characterized by a velocity between U and U + dU , a radius between r + dr

and a temperature between T + dT through a probability density function f with nine

independent variables (2.8):

probable number of droplets

unit volume
= f (x,U , r, T, t) dU dr dT (2.8)

To take into account the droplet shape deformation two additional variables need to

be included: droplet distortion parameter y and its temporal rate of change ẏ. The

temporal and spatial evolution of the distribution function is described by a conserva-

tion equation, which can be derived phenomenologically in analogy to the conservation

equations of the gas phase, usually called spray equation (2.9),

∂ f

∂ t
= − ∂

∂ xi
(f Ui) −

∂

∂ Ui
(f Fi) −

∂

∂ r
(f R) − ∂

∂ T

(
f Ṫ
)

− ∂

∂ y
(f ẏ) − ∂

∂ ẏ
(f ÿ) + ḟcoll + ḟbu (2.9)

Fi is the acceleration along the spatial coordinate xi, R, Ṫ and ÿ are the time rates of

the change of droplet radius r, temperature T and oscillation velocity ẏ. The source

terms ḟcoll and ḟbu account for droplet collision and break-up.

The mathematical description of the phenomenon is complex and the numerical imple-

mentation of (2.9) with an Eulerian finite volume scheme is very demanding in terms

of computational cost because of the necessity of discretization of f in eleven inde-

pendent dimensions. For these reasons, a more practical approach, represented by the

Discrete Droplet Model (DDM) proposed by [24] and available in the OpenFOAM®

platform, is used in all the practical applications of the SCR technology. The model

features a Monte-Carlo based solution technique for the spray equation, that describes
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Chapter 2. Fundamentals of SCR injection

the spray droplets by stochastic particles which are usually referred to as parcels [14].

These parcels produce a statistical representation of the spray reducing the number of

computational objects which can be viewed as representative classes of identical, non-

interacting droplets, tracked through physical space in a Lagrangian manner.

With this approach, the interface between a single droplet and the gas phase cannot be

resolved because of computer limitations, and an averaging of the flow processes over a

scale that is greater than the typical droplet diameter becomes necessary. Consequently,

additional submodels are needed to describe the phase interaction [88].

Liquid Atomization

Since the Lagrangian description of the liquid phase requires the existence of drops,

the simulation of spray formation always begins with drops starting to penetrate into

the system. The injector modeling strategy is in charge of providing the assignment

of the initial conditions of the computational parcels, such as initial radius, velocity

components (and the consequent spray angle) which in reality are dependent on the

flow conditions inside the nozzle holes [9].

Blob-Method The simplest and most common way of defining the starting conditions

of the first droplets at the nozzle hole exit of full-cone sprays is the blob-method [73]. It

assumes that atomization and drop break-up within the dense spray near the nozzle are

indistinguishable processes and can be represented by the injection of large spherical

droplets with uniform size equal to the nozzle hole diameter as in Fig. 2.2.

The number of the injected parcels is extracted from the injected mass flow rate, which

Figure 2.2: Blob-method sketch [9].
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can be provided by direct measurements or derived from the Bernoulli equation (2.10).

Uinj,max =

√
2 ∆ pinj

ρ
(2.10)

Uinj,max defines also the upper limit for the injection velocity. The low-pressure driven

sprays used for SCR application work with a ∆ pinj below 10 bar, reaching a maximum

velocity approximately of 40 m/s, which is much lower than the usual range of appli-

cation for in-cylinder fuel injection.

One of most common correlations for the determination of the spray aperture angle is

given by [72] and provides the aperture angle βsp as a function of the geometrical ratio

between the length of the injector internal channel and the nozzle diameter Lf/df .

According to [42, 71] the primary break-up can be classified in four major regimes,

which are shown in Fig. 2.3-a: Rayleigh regime, first or second wind-induced regime or

atomization, depending on the Reynolds number referred to the nozzle Renozzle (2.11)

and Ohnesorge number Oh (2.12).

Renozzle =
ρ Ūnozzle dnozzle

µ
(2.11)

Oh =
µ√

ρ σ dnozzle
(2.12)

According to [83] the pressure driven injectors for SCR applications experience a sec-

ond wind-induced regime (Fig. 2.3-b) where the main droplets are created from the

core break-up and are smaller than the nozzle diameter. The development of surface

waves due to shear stress leads to the stripping of very small droplets from the liquid

core, completing the break-up of the jet only a few diameters after the injection. In the

numerical description of the spray, the blob-droplet break-up by aerodynamic forces

generated by the interaction of the liquid with the surrounding air is described through

the Weber number referred to the gaseous phase (2.13).

Wegas =
ρgas U

2
rel d

σ
(2.13)

According to Fig. 2.4 a substantial aerodynamic break-up is present only if theWegas is

higher than ≈ 12 which represents a value typical of the drops generated by an injector

15
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Chapter 2. Fundamentals of SCR injection

(a) (b)

Figure 2.3: Representation of the four primary break-up regimes [42, 71] (a) and mapping on Renozzle
and Oh numbers highlighting the position of a typical pressure-driven injector for SCR applica-
tions [83] (b).

for SCR applications [83]. Therefore, the applicability of the most common break-up

models for the Lagrangian DDM spray framework [74,92] is not suited for the injection

phenomena under investigation. Moreover [95] tested the blob-injection coupled with

the break-up model by [73] strongly over estimating the droplet size, excluding the blob

method from the proposed framework.

Figure 2.4: Aerodynamic droplet break-up regimes [25, 68].

Distribution functions This method assumes that the liquid is already fully atomized at

the nozzle exit and that the distribution of drop sizes can be described by mathematical

16
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2.1. Numerical framework

functions. This approach skips the detailed modeling of the relevant processes during

primary break-up and needs to be calibrated iteratively on far-field drop size values,

accessible by experimental measurements (e.g. PDA).

The behavior of high pressure Diesel full cone sprays has been found in good agreement

with the χ2-law as the one proposed by [49] and reported in (2.14),

P (d) =
1

6 D̄4
d3 e−d D̄ (2.14)

where D̄ is estimated as (2.15). The Sauter Mean Diameter (SMD) value can be ex-

tracted from the injection parameters through semi-empirical correlations [52].

D̄ =
SMD

6
(2.15)

Urea SCR literature reports the Rosin Rammler [76] probability function, shown in its

cumulative form in (2.16), as an adapt formulation for the droplet size distribution [13,

91, 96] gathered from experimental data,

Fm (d) = 1.0− exp

[
−
(
d

δ

)n]
(2.16)

but no clear agreement or formalization on the definition of the scale parameter δ and

the shape parameter n is proposed by the authors.

Droplet motion equation

From the Newton’s law, the motion equation of a droplet can be stated as follows:

m
dU

d t
= F (2.17)

where F is the resultant of the forces acting on it and through which the coupling with

the gaseous phase is realized. The choice of the relevant contributions to the balance is

made a priori on the basis of previous assessments. According to [91] the most com-

monly encountered forces are listed in Tab. 2.1. Some features can be excluded from

the simulation of a pressure-driven injection for SCR applications, since the characteris-

tics of the spray and its interaction with the gas phase generate negligible contributions.

In fact, the virtual mass force is not significant since the ratio between the liquid and

17
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Chapter 2. Fundamentals of SCR injection

force due to
virtual mass acceleration of the surrounding gas at droplet acceleration
brownian motion collisions with individual molecules of the gas phase
drag relative velocity between droplets and gas
lift velocity gradient in the normal direction to the particle trajectory
rotational rotation of the droplet
buoyancy gravitation
history build-up of continuous phase boundary layer at acceleration of droplet

Table 2.1: Summary of the most common encountered force in the Eulerian-Lagrangian framework [91].

the gas densities is extremely high (≈ 1000). Moreover, the Brownian motion effect

becomes relevant only for droplets with size approaching the mean free path of the

continuous phase (1-2 µm according to [3]) which represent a negligible fraction of the

total injected mass in the application under investigation [44]. A detailed analysis of

the force contributions has been carried out by [91] on a cylindrical channel, sketched

in Fig. 2.5, representing an heavy-duty engine SCR section and allowing the complete

development of the spray in the flow field, excluding a relevant interaction with the

solid boundaries.

Figure 2.5: Sketch of the system employed by [91].

The investigation ranges from a cross-flow linear velocity of 25 m/s and Tgas equal

to 300◦ C to an extreme condition working with Ūflow = 100 m/s and Tgas = 500◦ C.

The drag force FD is found to be the predominant contribution in the spray system

balance, and should always be included in the simulation of pressure-driven UWS in-

jection. It is computed through a drag coefficient CD, explicitly defined by (2.19) as

a function of the Reynolds number Regas (2.20), through the formulation reported in

(2.18).

FD =
π d2

8
ρCD|U −Ugas| (U −Ugas) (2.18)

18



i
i

“lorenzo-thesis” — 2017/10/4 — 15:39 — page 19 — #49 i
i

i
i

i
i

2.1. Numerical framework

CD =


24

Regas

(
1 +

Re
2/3
gas

6

)
Regas 6 1000

0.424, Regas > 1000.

(2.19)

Regas =
ρgas Urel d

µgas
(2.20)

This formulation assumes the sphericity of the droplets, and is taken into account as the

reference value to be compared with the other force magnitudes. The effect of droplet

deformation in the drag definition [35] has been tested, showing that for the lowest gas

flow conditions, which are representative of medium/high loads of the test bench used

in this work [83], the change in the results are of minor importance.

The lift force, function of the lift coefficient CL = f (α∗), where α∗ is the dimen-

sionless shear rate of the fluid [41] has been found to be negligible over the whole

cross-flow conditions spectrum, as well as the rotational force.

The effect of the buoyancy force is dependent on the orientation of the gas flow, of

the injector, and on the retention time of the spray in the system. It has always been

included in the simulation setup proposed in this thesis.

Also the history force can be neglected for the typical size of the SCR technology

droplets, since it is relevant only for rapid acceleration or deceleration of the spray and

decreases for dense sprays and with the particle diameter.

Finally, the effect of the stochastic perturbation of the droplet drag has been modeled

taking into account a Gaussian distribution function to estimate the fraction of the ve-

locity fluctuation based on the turbulent kinetic energy
√

2 k
3

. This contribution has

been found important in the trajectory definition by [91] and therefore it is always in-

cluded in the presented simulation.

Droplet mass conservation

The effect of the evaporation ṁd of the liquid droplet is the only term that appears in

the mass balance of a single liquid droplet (2.21).

dm

dt
= ṁevap (2.21)
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Chapter 2. Fundamentals of SCR injection

The evaporation process is governed by conductive, convective and radiative heat trans-

fer from the hot gas to the colder droplet and by the simultaneous diffusive and con-

vective mass transfer of the species vapor from the boundary layer at the drop surface

into the gas environment [88]. Since it is not feasible in terms of computational cost to

directly resolve the flow field around each droplet, spherical shape and averaged flow

conditions are assumed to determine heat and mass coefficients at the interface. The

mass evaporation rate for each specie can be calculated as (2.22)

ṁevap = −π dΓ ρvap ln

(
1 +

Yvap,s − Yvap,∞
1 − Yvap,s

)
Sh (2.22)

where the mass fraction of each component at the interface Yvap,s is calculated through

the Raoult’s law (2.23).

Yvap,s =
pv (T )

pgas,cell

W

Wmix,s

(2.23)

pv (T ) is the saturation pressure at the droplet temperature T and W and Wmix,s are the

molar weights of the ith component and the gaseous mixture at the the droplet surface,

respectively. The properties of the gas are calculated through the 1/3 law, as the surface

temperature (2.24)

Ts =
2

3
T +

1

3
Tgas (2.24)

The Sherwood number Sh present in (2.22) can be evaluated resorting on the Ranz-

Marshall formulation [70], shown in (2.25), where Regas refers to (2.20) and Sc is the

Schmidt number for the gaseous phase defined as (µgas cp,gas)/Γ which reports the ratio

between the momentum diffusivity and the specie diffusivity Γ.

Sh = 2.0 + 0.6Re
1/2 Sc

1/3 (2.25)

This approach constitutes the basis of the engine-related literature [9, 88] and has been

widely used in the SCR field with small variations in the definition of the Sherwood

number [12, 13, 91].

Droplet energy conservation

The droplet energy conservation equation, defined according to the coordinate system

reported in Fig. 2.6, involves the contribution related to the phase change and the one
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generating a temperature evolution of the droplet (2.26).

Figure 2.6: Definition of the coordinate system for mass and heat fluxes [9].

Q̇drop = Q̇heating + Q̇evap (2.26)

Re-arranging the equation (2.26) to extract the droplet temperature variation (2.27) it

is possible to isolate the convective heat flux which can be described through the gas

Nusselt number Nu defined according to the Ranz-Marshall model [70] (2.28).

dT

dt
=

1

mcp

(
dQdrop

dt
− ∆hevap

dmevap

dt

)
(2.27)

Nu = 2.0 + 0.6Re
1/2 Pr

1/3 (2.28)

The Prandtl number Pr, defined for the gas phase (µgas cp,gas)/λgas is calculated for the

boundary layer, through the 1/3 law to determine the thermophysical properties. The

latent heat related to the evaporation of the liquid is calculated at the temperature of the

droplet ∆hevap = f (T ) resumed in (2.29)

dT

dt
=

π d λgasNu (Tgas − T )

mcp
f − 1

cp

π dΓ ρvap ln (1 + B) Sh∆hevap
m

(2.29)

where B is called the Spalding number and is defined as (2.30) as a result of the evap-

oration mass rate formulation (2.22)

B =
Yvap,s − Yvap,∞

1 − Yvap,s
(2.30)
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Chapter 2. Fundamentals of SCR injection

and f is a corrective factor which takes into account the reduction of the heat transfered

to the liquid parcel corresponding to the simultaneous liquid evaporation. As for the

the mass conservation equation, the reported approach has been developed for fuel

sprays and in-cylinder applications [9,88] and used to simulate SCR systems with some

different semi-empirical correlation for the determination of the Nusselt number by

some authors [12, 13, 91].

UWS mixture modeling

Particular care must be paid to the way the urea–water solution is modeled. A lim-

ited number of works have been published on the modeling of UWS injection, each

of them resorting to specific simplifications of the problem [13, 39, 48, 77]. The main

source of uncertainty is the lack of characterization of urea–water solutions at various

temperature levels [61]. By reviewing the literature in the field of UWS injection, the

state of aggregation of urea is not clear during the evaporation of UWS. Actually, it can

be varied among solid, molten and gas phases, depending on the local thermophysical

conditions. In particular, the high gas temperature can be a source of strong deviation

from the so-called D2-law of the droplet [103], as shown in Fig. 2.7. This is caused

Figure 2.7: Two phases of the D2-law during evaporation of AdBlue® at Tgas = 423 K, ambient
temperature and quiescent air [103].

by the fact that the concentration of the two components in the solution changes during
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the evaporation, leading to high concentration of urea, which may result in formation

of solid components. The result is a formation of a solid crust around the droplet

which, due to the boiling of the inner liquid core, will cause a sudden explosion of the

droplet when the inner pressure increases above a threshold level [46,57,103]. A com-

parison among the Rapid Mixing model (RM) which considers infinite high transport

coefficients accounting only for the temporal variation of temperature, concentration

and thermophysical properties, the Diffusion Limit (DL) considering only the diffusive

transport of energy and species inside the drop, and the Effective Diffusion (ED) taking

into account the internal recirculation due to forced convection [13] (Fig. 2.8). The

Figure 2.8: Illustration of the three evaporation models tested by [13]: Rapid Mixing (RM), Diffusion
Limit (DL) and Effective Diffusion (ED).

influence of urea on the evaporation of UWS reported a decrease in the vapor pressure

due to increasing concentration of urea in the droplet, resulting in a continuous incre-

ment of the droplet temperature and a slower evaporation compared to pure water [13].

The Rapid Mixing model predicts a lower urea concentration at the surface compared

to the more detailed approaches, but does not strongly influence the droplet diameter

during the evaporation at exhaust conditions. For this reason, the RM model is the one

chosen to be applied to the proposed simulation campaign. In the present work, no urea

chemistry is taken into account because of the very short residence time of the spray

in the facility, including just the correlation proposed by [13] to reproduce its vapor

pressure (2.31).

pv,urea (T ) = exp 12.06− 3992/T (2.31)

The focus is put on the liquid mixture behavior in operating conditions, using the urea

evaporation just as a tracker for the ammonia production locations.
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CHAPTER3

Spray - Flow Interaction

The correct CFD representation of the spray characteristics inside an SCR system is a

mandatory feature for the design of the mixing performance and for the achievement

of high conversion efficiencies of the SCR catalyst. As shown by [91, 96] the direct

assignment of the diameter distribution is the most effective way to describe the injec-

tion of low pressure-driven sprays with the Lagrangian tracking of the dispersed phase.

Previously available Phase Doppler Anemometry (PDA) campaigns [44, 95] measured

the droplet sizes and velocities inside an engine-less test bench, run at the EMPA lab-

oratories1 with a dry air cross flow, operating over a wide range of momentum and

temperature conditions. Due to the necessity of a closer estimation of the spray fea-

tures to build a reliable numerical model, the focus of the experimental activity has

been put to the near nozzle region.

1Swiss Federal Laboratories for Materials Science and Technology, Dübendorf, Switzerland
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Chapter 3. Spray - Flow Interaction

3.1 Near nozzle injection in quiescent air

The target of the investigation is put on two substantially different injectors in term

of geometry and design, which operate at the same pressure (9 bar) and represent a

common industrial standard for SCR applications. The first one, labeled 6H and shown

in Fig.3.1-a, exhibits six parallel holes evenly arranged on a 1.36 mm diameter circle

and elaborates a mass flow of 13.8 kg/h. Each hole has a diameter of 210 µm and the

declared single spray cone angle is 13◦. The second nozzle, 3H, injects a static mass

flow of 7.2 kg/h through three 190 µm holes, arranged on a 1.9 mm circle (Fig.3.1-b).

Each jet is deviated by 11◦ from the geometric axis and generates a 9◦ cone, according

to the producer specifications.

(a) (b)

Figure 3.1: Nozzle heads with open-air sampling lines. 6H (a), 3H (b)

3.1.1 Experimental setup

The injectors are installed in open-air conditions, setting the axis vertically. The mea-

surement sampling lines are chosen in such way to cross the spray along their center-

lines, at constant axial distance. The spray traversing is operated thanks to a horizon-

tally adjustable injector support, as shown by the system sketch in Fig.3.2.

Injection pressure system The pump back-pressure is set to approximately 12 bar. The

actual pressure acting on the nozzle is controlled by a pressure regulating valve. Two

hydraulic dampeners, pre-charged at 10 bar, stabilize the pump back-pressure mitigat-
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3.1. Near nozzle injection in quiescent air

Figure 3.2: Open-air PDA test bench sketch

ing the fluctuation of the pumping system and reducing the pressure drop during the

injection process. Initial pressure is set to 9.3 bar and drops by 0.5-1 bar during the

100 ms injections operated by an electronically triggered nozzle valve. The detailed

description of the system can be found in [83]. The quality of the pumping system has

been tested on the most critical injector available, the six hole nozzle (6H) with the

maximum mass flow rate declared by the supplier. The actual mass flow rate was deter-

mined [98] by weighting the liquid collected injecting 2000 times in a tank. The mass

was gathered setting the Duration Of Injection (DOI) to 50 ms, 100 ms and 150 ms

reporting a constant mass flow rate equal to 3.87 g/s, as shown in Fig. 3.3. For this rea-

son the PDA measurements are taken imposing a DOI of 100 ms assuming negligible

both the injector opening and closing times.

Phase Doppler Anemometry system This technique provides the measurement of the ve-

locity and of the size of individual spherical particles collecting the light scattered by

their interaction with a fringe pattern generated by laser beams. In this work the subjects

of the experiments are the liquid droplets generated by the pressure-driven injection,

which scatter the fringe pattern in the measurement volume towards two photomultipli-

ers. The frequency of the light seen by the photomultipliers corresponds to the droplet

velocity, and the phase difference corresponds to the curvature radius as a direct repre-
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Figure 3.3: Mass flux of the 6 hole pressure injector [98].

sentation of the drop diameter .

The setup is based on the configuration proposed by [95,105]. It employs a diode laser

tuned to the Ar+ − Ion wavelength of 514.5 nm. The beam vertical split and the fre-

quency shift (40 MHz) are obtained through a Bragg cell (Fig. 3.4).

The separated beams are expanded and collimated at a designated beam separation

Figure 3.4: Bragg cell beam separation and phase shifting [104].

distance sbeam before being focused by a sending lens with 350 mm focal length in

the measuring volume, as shown in Fig. 3.5. Operating with fixed lens focal length,

the trade-off between the measurable velocity range and the precision produces the

necessity of setting sbeam to 46 mm [83]. Brewster scattering angle (70◦) is chosen

to exploit the linear relation between the phase shift and the diameter (Lorentz-Mie-

Theory) available if a single order of scattered light is dominant (pMie) with a sufficient

light intensity for the detection guaranteed by the high power laser employed. The scat-

tered light is collected by the DANTEC 57X10 PDA receiving optics with a 350 mm

front lens and transferred into electrical signals by 3 photomultipliers. The signals are
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processed by a DANTEC 58N10 system.

Figure 3.5: Schematic of the single-beam PDA setup applied to the quiescent air measurements [83].

Shadow Imaging system The near nozzle liquid injection process is background illumi-

nated to capture the reduction of brightness, mostly due to the light Mie scattering in

presence of droplets. The light source is provided by a 436 W cavitar cavilux smart

diode laser, that provides monochromatic incoherent pulses at 640 nm. The light is fed

to a laser beam expander which is focused on a ground glass plate, which provides the

background illumination to the spray. A 12 bit Sensiscam QE CCD-camera captures

the images at a resolution of 1376×1040 pixels [83, 85]. This experimental campaign

is carried out with a pulse duration of 20 ns to reduce the drop motion blur effect to a

resolution lower than the pixel size. A sketch of the system setup is provided in Fig.

3.6. The image analysis can lead to the qualitative evaluation of the spray shape and

characteristic angles, and to the estimation of the liquid mass distribution. To obtain the

latter information, 100 images without injection are collected for each measurement to

obtain a background subtraction and uniformly highlight the spray behavior. Through
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Figure 3.6: Schematic of the Shadow Imaging system [83].

the calculation of the Bhattacharyya distance - dBha - [11] over a 75×75 pixels box

the quality of the match between any spray image on an available background is com-

puted. The spray images which show a match index lower than 99 % are removed from

the stack. Then for each spray image (Fig. 3.7-a), the background one reporting the

maximum dBha (Fig. 3.7-b) is subtracted to produce the net light extinction profile

(Fig. 3.7-c). These results are used to qualitatively estimate the liquid mass flux over

the traversing axis.

(a) (b) (c)

Figure 3.7: 6H - Near nozzle Shadow Imaging: original jet image (a), background image (b), net light
extinction after substraction (c).

3.1.2 Experimental results and discussion

The spray sizes and axial velocities are measured traversing the injector footprint cen-

terline at 32 mm from the nozzle head. This distance has been chosen as the closest

to produce sufficiently reliable data, ensuring the sampling validation rate higher than
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3.1. Near nozzle injection in quiescent air

60 % both in the spray cone core and in its periphery. The geometrical axis of the in-

jector is designated as the origin - 0.0 mm - of the traversing axis. Due to a slight

misalignment in the 6H installation, the sample location are shifted to match the actual

symmetric behavior of the jet.

Water injection

Distilled water is injected to estimate the jet characteristics with a thermophysically

known fluid and to build a reference framework over which to evaluate the effect of the

presence of an urea fraction in the liquid solution.

The water properties employed in the experimental activity are gathered from [10], and

linearly interpolated from the tabulated values.

Six hole Injector - 6H The traversing measurement is carried out with a spatial resolu-

tion of 2.5 mm. As reported by previous data [83], the single hole jets merge in a

liquid stream from the very initial jet breakup stage (Fig.3.8-a). The resulting spray

cone qualitatively behaves like a full cone along the nozzle central axis. The overall

measured Sauter Mean Diameter d32 [80] of 75.11 µm and average diameter d10 equal

to 39.52 µm are generated by a widely spread size distribution, as reported in Fig.3.8-b.

The local average diameter trend (Fig. 3.9-a) shows its minimum value in correspon-

(a)
(b)

Figure 3.8: 6H - Near nozzle liquid jet visualization through Shadow Imaging (a) and overall drop size
distribution (b).
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dence to the nozzle axis which represents the strongest nozzle-to-nozzle interaction

region. The spray core is also the maximum axial velocity location (Fig. 3.9-b) be-

cause of the null direction deviation from the measurement reference axis (vertical),

the minimum interaction with the surrounding air and the maximum liquid mass flux

as depicted by the averaged spray image in Fig. 3.10.

The graphs reporting the average values of diameters and velocities include error bars

corresponding to the standard deviation of the collected data. It is used as a common

parameter to easily represent the width of the measured distributions.

The Relative Span Factor (RSF), defined in (3.1) is chosen to represent the size dis-

(a) (b)

Figure 3.9: 6H - Average diameter (a) and axial velocity (b) in open-air conditions at 32 mm from the
injector head.

Figure 3.10: 6H - Spray average Shadow Image.

tribution width, pointing out that from the inner core to the periphery, the liquid jet
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3.1. Near nozzle injection in quiescent air

breakup generates droplets of size ranging from 1 µm to 160 µm with a strongly non-

uniform frequency distribution, as reported by Fig. 3.11. The dashed lines represent

dv,10 (green), dv,50 (red) and dv,90 (black), which are the drop diameters such that re-

spectively the 10 %, the 50 % (volume median diameter), and the 90 % of the total liquid

is in drop of smaller size.

RSF =
dv,90 − dv,10

dv,50

(3.1)

From Fig. 3.11 it is possible to appreciate the differences between the behavior of

the core (Fig. 3.11-a,b) and of the periphery (Fig. 3.11-c,d) of the spray cone: the

paramount fraction of the collected droplets in the neighborhood of the jet axis has a

size smaller than 40 µm, which corresponds to a reduced portion of the injected mass,

shifting the drop volume median dv,50, to ≈ 100 µm. The discrepancy between the

droplet count distribution and the corresponding injected mass is less relevant in the

periphery, where the fraction of the droplets with sizes lower than 20 µm is significantly

reduced.

Tab. 3.1, summarizes the 6H spray characteristics over the sampling line. The collected

data define an overall RSF of 1.1214, as a result of dv,10 = 44.275 µm, dv,50 =

86.275 µm and dv,90 = 140.87 µm.

Location d10 RSF Uavg Data rate DRnorm

[mm] [µm] [−] [m/s] [kHz] [−]

-9.0 48.99 1.15 12.57 0.107 0.04

-6.5 44.24 1.13 14.49 0.510 0.19

-4.0 37.03 1.05 18.30 1.802 0.66

-1.5 33.96 0.96 25.16 2.721 1.00

1.0 34.73 0.93 26.31 2.717 0.99

3.5 38.54 1.04 18.85 0.994 0.37

6.0 41.26 1.09 12.29 0.317 0.12

8.5 43.55 1.18 9.11 0.156 0.06

Table 3.1: 6H - Traverse property summary. DRnorm represents the normalized data rate in order to
estimate the droplet measurement frequency.
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Chapter 3. Spray - Flow Interaction

(a) (b)

(c) (d)

Figure 3.11: 6H - Local traverse size distributions. Spray core (a),(b) and periphery (c),(d). The dashed
line represent the volumetric quantiles, dv,10 (green), dv,50 (red) and dv,90 (black).

Fig. 3.12 reports the correlation between drop sizes and velocities over the overall

spray volume density distribution, averaged for each reported diameter bin. Even if

the largest droplets carry the highest momentum, the spray mass core, which can be

identified in the [60− 100] µm range, confirms an average axial speed consistent with

the value of 27.4 m/s proposed by [84].

Three hole Injector - 3H Because of the clear separation among the single liquid streams [43]

visualized through lateral Shadow Imaging (SI) and the reduced spray cone angle aper-

ture, a sampling resolution of 1.25 mm has been chosen to traverse one of the three

cone centerlines. The overall drop size distribution, reported in Fig. 3.13-b, can be syn-

thesized by a d32 equal to 66.35 µm and a number average diameter d10 of 33.27 µm.
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3.1. Near nozzle injection in quiescent air

Figure 3.12: 6H - water injection - Volume density distribution and diameter-to-axial velocity correla-
tion.

The width of the distribution is of the same order of the 6H, reporting the poor quality

of a low pressure-driven liquid atomization, represented by a RSF equal to 1.1367. The

(a)
(b)

Figure 3.13: 3H - Near nozzle liquid jet visualization through Shadow Imaging (a) and overall drop size
distribution (b).

diameter-to-axial velocity correlation follows the same trend shown by the 6H, with

the highest velocities carried out by the biggest droplets. The spray mass core, corre-

sponding to the size range [50-110] µm as reported by the volume density distribution
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Chapter 3. Spray - Flow Interaction

(Fig. 3.16), moves with a velocity of 32 m/s, confirming the supplier specification.

The local average drop sizes and velocities are reported in Fig. 3.14, showing a peak in

the particle size and velocity around the spray axis as supposed for full cone injections.

Fig. 3.15, shows the drop size distributions over the spray cone traversing locations, on

(a) (b)

Figure 3.14: 3H - Average diameter (a) and axial velocity (b) in open-air conditions at 32 mm from the
injector head.

which dv,10, dv,50 and dv,90 are drawn.

The width of the droplet volume distribution generated by 3H, represented by the

Location d10 RSF Uavg Data rate DRnorm
[mm] [µm] [−] [m/s] [kHz] [−]
3 20.97 1.30 13.97 0.981 0.91
4.25 23.17 1.26 15.72 0.985 0.92
5.5 27.53 1.20 19.04 1.025 0.95
6.75 37.12 1.01 23.27 1.074 1.00
8.0 42.31 0.98 22.17 0.785 0.73
9.25 43.56 0.98 17.89 0.228 0.21
10.5 43.66 0.90 15.05 0.071 0.07
11.75 41.76 0.95 12.71 0.033 0.03

Table 3.2: 3H - Traverse property summary. DRnorm represents the normalized data rate in order to
estimate the droplet measurement frequency.

volume quantiles (dv,10, dv,50 and dv,90) in Fig. 3.15, is comparable with the behavior

of 6H (3.11). The inclination of the measured jet produces a discrepancy in droplets

characteristics in the outer peripheral location Fig. 3.15-d, where the average collected

diameter is shifted to higher values and the size probability distribution flattens. As

reported by Fig. 3.16 the drop volume probability function is narrower than the one
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3.1. Near nozzle injection in quiescent air

(a) (b)

(c) (d)

Figure 3.15: 3H - Local traverse size distributions. Spray core (a),(b) and periphery (c),(d).

produced by 6H (Fig. 3.12), the atomization is improved and a steeper proportionality

between droplet size and axial velocity is observed.

AdBlue injection

The same measurement routine is carried out with urea Water Solution (UWS) in its

eutectic mixing ratio (urea - 32.5 wt%) on the 6H injector. No substantial difference is

found in the injector behavior, confirming what has been measured by [84].

Six hole Injector - 6H The jet generated by the coalescence of the single cones has the

same width as the one produced by distilled water: both the local and averaged features
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Chapter 3. Spray - Flow Interaction

Figure 3.16: 3H - Volume density distribution and diameter-to-axial velocity correlation.

extracted by the PDA measurements correspond. Fig. 3.17 shows the average diameter

d10 and axial velocity U trends traversing the spray core region. The diameter-axial

(a) (b)

Figure 3.17: 6H - UWS injection - Average diameter (a) and axial velocity (b) in open-air conditions at
32 mm from the injector head.

velocity plot - Fig. 3.18 - denotes the same relationship presented by the water injection,

confirming the spray injection velocity estimation.

Tab. 3.3, reports the summary of the spray characteristics along the sampling line,

showing that the average size and velocity of the UWS droplets are slightly lower than

the ones measured injecting distilled water (Tab. 3.1). No significant difference is
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3.1. Near nozzle injection in quiescent air

Figure 3.18: 6H - UWS injection - Volume density distribution and diameter-to-axial velocity correla-
tion.

reported in the extension of the spray cone resulting from the six jets coalescence,

which produces relevant data in a ±8.5mm range around the injector axis on a plane

set 32mm from the nozzle head.

Location d10 RSF Uavg Data rate DRnorm

[mm] [µm] [−] [m/s] [kHz] [−]

-8.5 42.53 1.18 12.23 0.126 0.04

-6.0 39.38 1.03 14.02 0.352 0.12

-3.5 33.06 1.13 18.46 1.366 0.48

-1.0 31.28 1.10 24.21 2.830 1.00

1.5 32.47 1.04 22.43 2.037 0.72

4.0 35.09 0.98 15.69 0.737 0.26

6.5 40.40 0.94 11.73 0.215 0.08

9.0 41.99 0.92 9.37 0.082 0.03

Table 3.3: 6H - UWS injection - Traverse property summary. DRnorm represents the normalized data
rate in order to estimate the droplet measurement frequency.

3.1.3 Numerical modeling

The reported data define the basis on which numerical models are built and tested.

Injection of distilled water through 6H is used as reference case to define the injector
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Chapter 3. Spray - Flow Interaction

model setup in quiescent air within the Lagrangian-Eulerian (L-E) framework.

The injection of distilled water with 3H and the behavior of 6H operating with UWS are

respectively used to test the quality of the model definition routines on a very different

nozzle head (Section 3.1), and to assess the liquid urea water solution model influence

at low temperatures.

Mesh and gas phase definition

The initial mesh consists in a cubic box, as shown in Fig. 3.19 defined by a lateral

extension of 62 mm, and a height of 40 mm. The injector is set in correspondence to

the grid vertical axis, 0.5 mm inside the top surface to avoid any interference with the

system boundary.

The symmetry plane present both in the injector heads and in the gaseous system

Figure 3.19: Numerical simulation system bounding box. The dashed red line represents the spray
traversing path and the blue point the nozzle head location.

and reported in red in Fig. 3.19, cutting the system along the PDA traversing line, is

exploited to reduce the mesh size and therefore the computational cost.

Initial and Boundary conditions Dry air at room conditions, defined as an ideal mixture of

nitrogen and oxygen (YN2 = 76.6 wt%), is used to represent the gaseous environment.

The thermophysical properties of the species are defined according to the 7-coefficient

polynomials proposed by [32]. The initial conditions are summarized in Tab. 3.4. Since

the injector head is installed on a drilled metal plate, a solid wall boundary is defined

on the top of the meshed box. The symmetry plane employs a reflecting boundary

40



i
i

“lorenzo-thesis” — 2017/10/4 — 15:39 — page 41 — #71 i
i

i
i

i
i

3.1. Near nozzle injection in quiescent air

Tgas K 293
Pgas bar 1.0
Ugas m/s 0.0
YN2,gas [−] .766
YO2,gas [−] .234

Table 3.4: Gas phase initial conditions.

condition and the remaining patches behave according to the open-air boundaries. To

minimize the effect of the latter boundaries a wave-transmissive approach [69] is ap-

plied on the pressure field. The condition set is reported in Tab. 3.5.

Fig. 3.20 shows the coarse mesh test case, highlighting the solid top-wall (black), the

top-wall open-air
Ugas No slip ∂U/∂n=0
Pgas ∂P/∂n=0 wave-transmissive [69]
Tgas T = 293 K ∂T/∂n=0
Yi,gas ∂Yi/∂n=0 ∂Yi/∂n=0

Table 3.5: CFD boundary condition summary.

symmetry plane (red) and nozzle head location (white spot). The turbulence is handled

Figure 3.20: Visualization of the coarse mesh test case.

with the standard k-ε model, setting the boundary layer on the top-wall to be one-cell

thick since scalable wall functions are used.

Spray simulation

Liquid injection in quiescent air at room temperature involves a limited thermal energy

and mass exchange between the two phases, because of the weak temperature gradient
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Chapter 3. Spray - Flow Interaction

present at the drop interface coupled with the distance of the thermodynamic conditions

of the system from the saturation line of both distilled water and AdBlue®. The pur-

pose of this section is in fact the generation of a reliable setup of the injection model,

purifying it from the influence of the submodels concerning the just above mentioned

phenomena, to reproduce the near-nozzle spray behavior. The full two-way coupling,

involving mass, momentum, energy and specie, between the dispersed and continuous

phase is kept to test the solver behavior on the simplest available case, but the focus

is put on the injection and on the momentum exchange modeling. The spheric drop

assumption has been found to be a good representation in the determination of the drag

coefficient Cd, through which the drag force is calculated, as stated in the very first

simulation campaign done within this project [78]. A more detailed analysis of the in-

jection modeling and the drop-drop stochastic collision modeling is carried out in the

next sections.

6H - water injection setup The maximum Weber number (3.2) [88] of a drop injected

in quiescent air, assumed to have the nozzle diameter (ddrop = dnozzle = 210 µm for

6H) and the Bernoulli velocity (42.4 m/s) is equal to 6.03, which is below the critical

threshold defined by [68] for the bag breakup of a droplet.

We =
ρgas ddrop U

2
rel

σ
(3.2)

For this reason the blob injection strategy, coupled with the primary breakup models

by [68, 73] is not able to accurately predict the widely spread diameter distribution

measured through PDA. These considerations are confirmed in the work by [96] which

tested the blob injection method overestimating the drop size distribution of 6H in cross-

flow conditions. A better prediction of the dispersed phase behavior can therefore be

achieved assigning a diameter to each computational parcel through a drop size proba-

bility function built on the basis of the experimental data and tuning its direction and ve-

locity to reproduce the spray cone angle and momentum profile. To synthetically repre-

sent the spray size population, a Rosin-Rammler (RR) distribution function [76] is used

because of its flexibility and capability to reproduce a spray nozzle behavior [20], [55].
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3.1. Near nozzle injection in quiescent air

The cumulative probability function is reported in (3.3),

Fm (d) = 1.0− exp

[
−
(
d

δ

)n]
(3.3)

where δ and n are respectively the scale and the shape parameters. To reproduce the

whole 6H spray, a function fit is performed on an equivalent drop population, obtained

weighting each PDA traverse measurement with its data rate value (reported in Tab. 3.1)

to enhance the influence of the core on the overall spray. The resulting scale parameter

δ is equal to 42.106 µm and the shape parameter n equal to 1.406. The latter value is

in between the one proposed by [91] for an SCR injection system and the value tested

for 6H by [96] showing that no clear literature evidence is available for low pressure-

driven injector description. Each droplet velocity is set to 27.4 m/s [84], according

to the value extracted from the peak of volumetric distribution reported in Fig. 3.12.

To fulfill the observed sudden overlap of the six single spray cones (Fig. 3.8-a) and to

cover the relevant traversing extension detected by the PDA measurement (Fig. 3.9),

each single cone angle has been set to 36 ◦.

Being the injection the only momentum source for the gaseous phase, the air is strongly

affected by the liquid motion in the form of a clear counter-rotating vortex structure,

which has the strongest influence on the flow field in the near-nozzle location, as shown

in Fig. 3.21. The effect of this structured motion is the segregation of the smallest

(a) (b)

Figure 3.21: 6H - Water injection - Horizontal gas velocity component (a) and counter-vortex direction
visualization on the symmetry plane (b). Time = .1 s after SOI.

droplets in the injector axis neighborhood, which is visible in the double hump d10

profile collected by the PDA measurements (Fig. 3.9). The largest and therefore most
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Chapter 3. Spray - Flow Interaction

inertial drops tend instead to keep their direction.

The influence of the boundaries on the gas recirculation is estimated extending the

gaseous domain, shown in Fig. 3.22-a, keeping constant the dispersed phase modeling.

It is possible to notice that the gas flow field motion is subjected to the pressure and ve-

locity boundary conditions but the counteracting horizontal structure in the near nozzle

is still present (Fig. 3.22-b). Fig. 3.23 shows how the recirculation motion variation

does not affect the spray pattern because its magnitude is relevant only in the near noz-

zle region.

(a)
(b)

Figure 3.22: 6H - Water injection - Large mesh outline, reporting in green the base system outline (a)
and counter-vortex direction visualization in the near nozzle region (b). Time = .1 s after SOI.

(a) (b)

Figure 3.23: 6H - Standard mesh vs large mesh spray property simulation. d10 (a) and U (b) profiles.
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Parcel discretization method The key point of a reliable representation of this behavior

in the Lagrangian-Eulerial framework is the discretization of the spray in parcels. The

validation process based on the comparison with PDA data, which provides the spatial

distribution of the spray characteristic, forces the numerical simulation to reproduce

the local diameter and velocity distributions as well as the spatial evolution of the jet

cone. For this reason the determination of the mass and momentum numerical dis-

cretization plays as fundamental role in the injection process. The standard model by

OpenFOAM® assigns to each parcel a mass dependent on the liquid flow rate injection

law and a diameter according to the size probability distribution, calculating the num-

ber of particles in each parcel through the mass conservation principle. This approach

is very solid and guarantees mass conservation especially with complex injection laws,

but can lead to a wrong prediction of the spray characteristics, particularly if the drop

size population is as wide as the one measured in this work. For this reason a different

approach is used to simulate the low pressure-driven spray under investigation, assign-

ing the diameter through the size pdf , constraining the number of particles per parcel

and calculating the resulting liquid mass. For a continuous and uniform injection law,

the overall mass conservation is kept defining the parcel injection rate to reproduce the

injector specification. In Fig. 3.24-a it is possible to notice that the discrepancy between

the two approaches is negligible, even at the beginning of the injection, where the low

number of parcels makes their size assignment statistically relevant. The d10 profile

(a) (b)

Figure 3.24: 6H - fixed mass vs fixed particle per parcel injection during the first 2.5 ms after the SOI
(a) and resulting d10 profile on the PDA traversing line (b).
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resulting from a constant mass parcel assignment shows a great underestimation of the

drop size in the core of the spray, which is carrying the paramount part of the injected

liquid. The spray simulation obtained by the constant particle approach instead, over

predicts the average diameter in the periphery of the resulting cone but is consistent

with the PDA data in the jet core (Fig. 3.24-b). The misalignment in the profiles com-

parison on the coarsest mesh is due to the simulation post processing routine, which

assigns to each computational cell an average diameter which is updated at any parcel

crossing and therefore is strictly dependent on the spatial discretization of the system.

According to the comparison evidence, the latter approach, which keeps the number of

particles per parcel constant, is chosen to simulate 6H.

Grid refinement It is known that the numerical solution of the Navier-Stokes equations

becomes more and more accurate if the grid is refined, thanks to the accuracy in the dis-

cretization of differential equations. This assumption is valid only for continuous fluids

represented through the Eulerian approach. Within the L-E framwork, it is impossible

to reduce the grid size to resolve the gas phase up to the scale of the physical phenom-

ena involved in a liquid injection, because this would violate a basic requirement for

the Lagrangian liquid phase description, which is the fulfillment of a void fraction

(ratio between the gas and the liquid volume in a computational cell) close to one [9].

In this work, a gradual mesh refinement is applied to the test case: first the whole mesh

is refined, then a secondary conical refinement is applied to the spray path. The three

meshes, hex-dominant, are reported in Fig. 3.25 and described in Appendix B. Fig.

(a) (b) (c)

Figure 3.25: Injector symmetry plane mesh: coarse (a), mid (b) and fine (c) test cases.

3.26 shows the void fraction at the end of the injection (100 ms after SOI), highlighting

how the L-E operating criteria is respected in each case with a minimum void fraction

of 0.8848 for the fine mesh. The grid dependency on the spray tracking is evaluated
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(a) (b) (c)

Figure 3.26: 6H - Void fraction: coarse (a), mid (b) and fine (c) test cases.

over the experimentally collected d10 and the axial component of the velocity U pro-

files. The mesh refinement does not affect the spray average diameter profile (Fig.

3.27-a), but improves the results in the axial velocity plot (Fig. 3.27-b), due to the bet-

ter discretization of the spatial gradients, especially in the near-nozzle region. In fact,

the coarser the grid, the worse the spatial resolution of the gas velocity, and the worse

the prediction of the gas-droplet momentum exchange, which depends on the relative

velocity at the drop location [9]. A refined grid prevents an over prediction of the mo-

mentum diffusion due to the uniform distribution of the source term over the complete

cell volume in which the parcel is located, and the underestimation of the gas velocity

magnitude increment due to the higher mass contained in the gas cell. The latter effect,

strongly affects the spray penetration transient, because small gas volumes are fast to

be dragged by the first parcels, reducing the resistance to the path of the next droplets.

Within this section the liquid penetration is not an issue because of the negligible open-

ing and closing injector transients reported in tested conditions (DOI = 100 ms). The

(a) (b)

Figure 3.27: 6H - d10 profile (a) and U profile (b) increasing the mesh refinement.
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described behavior, visible in Fig. 3.28, shows a more extended spray-gas momentum

exchange region with the fine mesh, which generates a faster gas flow (Ugas,max,fine =

24.56 m/s, Ugas,max,coarse = 22.95 m/s) in the spray core, reducing the drop velocity

attenuation. In the coarse mesh test case, the gas momentum increase is concentrated

in the central cell column which includes the whole injector head, underestimating the

lateral momentum exchange of the six jets.

(a) (b)

(c) (d)

Figure 3.28: 6H - time = 100 ms after SOI - Gas velocity at the system symmetry plane: coarse (a), and
fine (c). Spray path and drop diameters: coarse (b), fine (d).

Thanks to the refined sampling grid provided by the fine test case it is possible

to produce a local drop size distribution analysis in the PDA traversing point neighbor-

hoods, as shown in Fig. 3.29. Each probe is composed by 4 faces generating a sampling

area of 1 mm2: this configuration is the result of the trade-off between the necessity of

a statistically relevant parcel pool, and the vicinity to the actual PDA sampling point.

Therefore it is not a direct comparison, but a useful tool to understand the quality of the

spray model. As shown by d10 profile plots, the spray core behavior is well captured

(Fig. 3.30-a), but the simulation is less accurate in the representation of the periph-

ery, producing a shift of the drop size distribution towards higher values (Fig. 3.30-b).
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3.1. Near nozzle injection in quiescent air

Figure 3.29: Computational probes (green) used to generate the drop size distribution histograms
around the PDA traversing points. The spray is cut in half for visualization purpose.

These results are acceptable because the mass carried out the by core represents the

paramount fraction, as shown in Fig. 3.30-c, and therefore the most important feature

to be captured. In particular, more than the 35% of the total liquid mass is collected

within a 9 mm2 area around the injector axis.

Details about the mesh characteristics and the simulation setup are summarized in Ap-

pendix B.

(a) (b)

(c)

Figure 3.30: 6H - time = 100 ms after SOI - fine test case - drop size distributions: core (a), periphery
(b) and simulated normalized liquid mass flow rate at 32 mm from the injection location (c).

Stochastic collision model The small droplets deviation by the recirculating gas flow and

the consequent segregation in the injector axis zone is amplified by the simulation be-

cause of the absence of mutual interaction between the spray parcels. The drop-drop

collisions have a strong effect on the mean droplet size and its spatial distribution [88]

and, therefore, influence the reciprocal coupling between the dispersed and the continu-

ous phases. The probability of two droplets to collide depends on their location, which

can be easily quantified by the lower values of cell void fraction close the injector head
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(Fig. 3.31-a), velocity and direction. Therefore in the simulated system the near nozzle

region is the most probable location for the interactions to happen, as shown in Fig.

3.31-b. As stated in the previous chapter, the model by [63] is the most used in most

engine spray simulations. The goal of the use of this model in the simulations is the ad-

dition of a shielding effect of the dense spray cloud present in the vicinity of the nozzle

head to the recirculating motion of the parcels representing the smaller droplets. The

(a) (b)

Figure 3.31: 6H - fine test case - Void fraction using the collision model (a) and parcel collision
locations (normalized) (b) .

model has been used just including grazing collisions between the parcels, avoiding any

coalescence between pairs because of two major reasons. The first one is the absence of

break-up phenomena, and therefore models, for low pressure-driven sprays, which will

transport parcels representing large droplets resulting from the impact without taking

into account their destructive interaction with the air. The second is the analysis of the

discrepancies between the simulation and the experimental data, which shows an over-

estimation of d10 in the periphery of the spray and a drop size distribution lacking of

small values. A partial deviation of the small droplets toward the peripheral locations is

therefore the major aim of the representation of the droplet collisions. The addition of

the collision model was tested on the fine test case, as reported in Fig.3.32, not show-

ing significant modification in the average diameter profile, but improving the axial U

trend, mainly due to the momentum transfer from the biggest and most inertial drops to

the smaller and deviated ones. The partial enhancement in the prediction of the spray

kinematic properties is provided by the single jet shielding capability for the droplets

recirculating to the nozzle axis region. The drawback of this feature is represented by

the hollow liquid mass pattern generated on a plane set at the PDA sampling distance
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(32 mm) from the injector head, reported in Fig. 3.33-a. In the standard numerical

setup, where the numerical parcels do not mutually interact, the obtained liquid mass

distribution is concentrated in the spray axis neighborhood (Fig. 3.33-b) and it is con-

sistent with the findings of [98], who highlighted the pronounced spray mass peak in

the axis location projection, collecting the liquid with a mechanical patternator set 75

mm from the nozzle head in quiescent air (Fig. 3.33-c). The reported difference in the

spray mass distribution simulation represent a critical feature in the description of the

mixture preparation and in the prediction of the effect on the liquid impingement on the

wall thermal transients and does not justify the inclusion of the stochastic drop-drop

collision model in the injection numerical setup.

(a) (b)

Figure 3.32: 6H - fine test case - d10 profile (a) and U profile (b) including the stochastic collision
model (labeled as coll).

(a) (b)
(c)

Figure 3.33: 6H - fine test case - simulated normalized liquid mass flow rate profile at 32 mm from the
injector in quiescent air (fine mesh) adding the drop-to-drop collision model (a), with the standard
setup (b) and liquid mass collected by patternation at 75 mm from the injector [98] (c).
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Chapter 3. Spray - Flow Interaction

3H - water injection setup The quality and reliability of the method to initialize the La-

grangian model is assessed on the second available data set, represented by distilled

water injection through the three hole nozzle (3H). As stated from the Phase Doppler

Anemometry and Shadow Imaging campaigns, the clear jet deviation from the nozzle

head axis and the consequent spray cone separation generates a negligible cone to cone

interaction. Because of the strong influence of the spray on the gaseous flow field, the

whole injector is simulated, exploiting the system and injector symmetry as shown in

Fig. 3.34.

The Rosin-Rammler formulation fit on the weighted diameter distribution collected

Figure 3.34: 3H - distilled water - CFD spray path for the injection in quiescent air.

by the PDA produces a scale parameter δ equal to 38.90 µm and a shape parameter n

equal to 1.578. The focus is put on the behavior of the single cone on its centerline,

which lays on the system symmetric boundary. The single cone characteristic angles

are defined according to the supplier specifications (Section 3.1) and the velocity is set

to 32 m/s as derived from the PDA data (Paragraph 3.1.2). The reported results show

a reasonable agreement between the simulated d10 and U trends (Fig. 3.35), showing

how the developed approach is capable of reproducing the average kinematic properties

of a low pressure-driven injector. Fig. 3.36-a shows that the void fraction constrain for

the L-E simulations is fulfilled in the fine mesh test case. The effect of the injection
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3.1. Near nozzle injection in quiescent air

(a) (b)

Figure 3.35: 3H - distilled water injection - d10 profile (a) and U profile (b).

(a) (b)

Figure 3.36: 3H - distilled water injection - Void fraction (a) and Ugas field (b) at 100 ms after SOI.

is still a relevant phenomenon in the development of the gas flow field, but the injector

hole displacement and the spray cone deviation reduces the effect of the vortexes on the

jet.

AdBlue injection

The method described for the extraction of the injector model parameter from the PDA

results is applied also to the UWS spray dataset. The difference between the fluids in

this operating conditions consists mostly on the different thermophysical properties of

the liquid mixture, because no relevant mass transfer is present within the time-scale

of the experiment. According to [13] if the surface temperature of the droplet is lower

than the saturation temperature of the water (373 K at ambient pressure), the Rapid

Mixing (RM) [26, 82] treatment of the UWS solution is a reliable approach to describe
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Chapter 3. Spray - Flow Interaction

the mass variation of a UWS droplet. It assumes infinite high transport coefficients for

the liquid phase, eliminating temperature and concentration spatial gradients within the

droplet but not their variation in time (RM in Fig. 2.8). A new set of thermophysical

properties for the liquid urea is implemented in the software2, based on the functions

proposed by [109] as suggested by [77] and on the vapor pressure formulation proposed

by [12]. A scale parameter equal to 41.45 µm and shape parameter equal to 1.605 are

obtained through the fit of the Rosin-Rammler formulation (3.3) on the experimental

droplet size distribution. Both the velocity and the single cone angle are kept respec-

tively to 27.4 m/s and 36◦. The reported results, shown in Fig.3.37 refer to the fine

mesh test case.

The simulation shows the same behavior reported by the water injection, capturing

(a) (b)

Figure 3.37: 6H - UWS injection - d10 profile (a) and U profile (b).

well the d10 and U trends along the traversing line, underestimating the average drop

size in the core and shifting the diameter distribution towards higher values in the pe-

riphery (Fig. 3.38). No relevant variation is found in the numerical injection behavior

in quiescent air conditions. The presence of urea has a negligible effect on the injection

process and on the liquid distribution in the simulated domain. Therefore, an accept-

able description of the near-nozzle characteristics of 6H is provided as a starting point

for the analysis of the SCR spray in engine after-treatment thermal and kinematic con-

ditions for both distilled water and UWS.

2See Appendix A
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3.1. Near nozzle injection in quiescent air

(a) (b)

Figure 3.38: 6H - UWS injection - Spray core (a) and periphery (b) size distributions.

The obtained probability density functions for the three test cases are reported in Fig.

3.39.

The droplet size distributions are subjected to the traverse population weighting based

on the PDA data rate, and better reproduce the spray behavior in its core compared

to the periphery. This results is part of the data extraction routine definition, which

is aimed at building a solid and synthetic tool to investigate the spray behavior in a

confined system like the exhaust after-treatment channel.

Figure 3.39: Modeled diameter distribution functions (Rosin-Rammler functions).
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Chapter 3. Spray - Flow Interaction

3.2 Spray in cross-flow

3.2.1 Experimental setup

The exhaust after-treatment conditions are reproduced by the engine-less test bench op-

erated with dry air cross-flow shown in Fig. 3.40.

A detailed experimental campaign [43, 44, 84–86, 96] has been carried out on the low

Figure 3.40: Schematic of the engine-less test bench.

pressure-driven injection behavior over a wide range of conditions through Shadow

Imaging (SI), Phase Doppler Anemometry (PDA), and planar Mie Scattering campaign.

The nozzles are top-mounted on the 80×80 square channel, highlighted by the section

B-B in Fig. 3.41, with an inclination of 50◦ to the channel axial flow direction. The

channel can be fed by a dry air mass flow up to 400 kg/h at a temperature ranging from

room temperature to 500◦ C. Fig. 3.42 reports the flow maps highlighting how the

controllable parameters, temperature and mass flow rate, affect the mean flow velocity

and volume flow rate (Fig. 3.42-a), the Reynolds number (Fig. 3.42-b) and the flow

momentum, ρgas U2
gas (Fig. 3.42-c). Tab. 3.6 summarizes the conditions at which the

reported PDA data are collected for each injector.

The installation of the injector seats on the test-bench results in different absolute lo-
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3.2. Spray in cross-flow

Figure 3.41: Injection channel assembly sketch [83].

(a) (b) (c)

Figure 3.42: Injection section flow maps [83]. Mean velocity and volumetric flow rate (a), Reynolds
number (b) and flow momentum (c).

cations of the nozzle heads. 6H and 3H are recessed respectively by 7.83 mm (6 mm

in the vertical direction) and 22.19 mm (17 mm in vertical direction) along the injector

axis. To be able to directly compare the reported results, the origin of a constant coor-

dinate system is set at the intersection between the injector axis and the measurement

plane as sketched in Fig. 3.43. As for the previous section, the PDA measurements give

the most relevant information for the calibration of the numerical models and therefore

represent the reference dataset. To estimate both the vertical and the horizontal com-

ponent of the droplet velocities a second Ar+ − Ion laser tuned to the wavelength of

488 nm (blue) is added to the setup reported in Sec. 3.1.1. The beam is horizontally

split and phase shifted by a second Bragg cell according to the setup reported in Fig.

3.44. The measuring section is connected with flexible pipes to the channel structure,

to be able to modify the relative position of the spray to the PDA system, obtaining the

traversing sampling line.
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Chapter 3. Spray - Flow Interaction

label ṁgas Uflow,gas Tgas Re Nozzle
[kg/h] [m/s] [◦ C] [−]

t200f100 100 5.8 200 13.4 103 6H, 3H
t300f200 200 14.2 300 23.6 103 3H
t400f400 400 33.1 400 41.5 103 6H

Table 3.6: Summary of the gas flow conditions in the injection section used in the PDA campaign.

Figure 3.43: Injector section and system coordinate reference point.

3.2.2 Experimental results and discussion

The focus of the current analysis involves the influence of the cross flow thermal and

momentum loads on the spray pattern inside the channel. Previous Shadow Imaging

campaigns [44] showed that a consistent fraction of the liquid injected by the nozzles

under investigation reaches the bottom plate of the chamber. This condition generates

the arise of a relevant spray-wall interaction, which is the basis for the solid deposit for-

mation and the most relevant phenomenon to be controlled in a in reliable and continual

operation of urea based SCR systems. Therefore the PDA datasets of major interests are

the farthest from the injector location, both to estimate the entrainment and the phase

change in the liquid interaction with the cross flow and to evaluate the characteristics

of the spray directed to the bottom surface.

Water injection

The proposed experimental results retrace the steps defined by the injection in quies-

cent air one, reporting the characteristics of distilled water spray produced by different

nozzle configurations (6H, 3H) and the influence of the presence of urea in the liquid
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3.2. Spray in cross-flow

Figure 3.44: Spray in cross flow PDA system setup [83].

solution for 6H across the test-bench operating conditions.

6H - water injection The measurements of the spray pattern along the channel (and liq-

uid jet) centerline at 26 mm from the bottom plate have been carried out by [96]. Me-

chanical constrains and the need of following the channel transversal symmetry, defined

the nozzle head orientation, which is reported in Fig. 3.45. The liquid is injected with

1 Hz frequency and a pulse duration equal to 60 ms.

Figure 3.45: Sketch of the 6H orientation in the channel.
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Chapter 3. Spray - Flow Interaction

The spray is traversed by the laser fringe patterns with a spatial resolution of 5 mm

(plus the most downstream point which is set 3 mm far from the previous location) in

the neighborhood of the injection axis projection, which is set to be the measurement

in-built origin (Fig. 3.44). This reference location is horizontally shifted by 50.35 mm

from the injector location, as reported in detail in Appendix B. As discovered in the

near-nozzle analysis, the six liquid jets overlap in a single conical structure which is

not disrupted by the cross flow, as evaluated by [44] and reported in Fig. 3.46-a.

The increment of the gas flow load causes the entrainment and phase change of the

(a)
(b) (c)

Figure 3.46: 6H - Shadow imaging contours at different flow conditions (gas flow conditions: 300◦ C,
red: 100kg/h, green:200kg/h, blue: 300kg/h) [44] (a), droplet size probability distribution function
(b) and droplet volume distribution (c).

smallest droplets, which do not reach the PDA sampling plane, shifting the droplet

size distribution towards higher values (Fig 3.46-b). In fact the paramount fraction of

the spray mass, represented by the droplet volume distribution in Fig. 3.46-c, is only

weakly affected by the cross-flow increment, confirming the behavior highlighted by

the Shadow Imaging. The average diameter d10 and vertical U and horizontal V veloc-

ity component plots (Fig. 3.47) confirm that the spray conical structure is not able to

shield the small particles from the entrainment causing a gradual decrease in the aver-

age drop size at the downstream traverses in both the low load (t200f100) and in the

high load (t400f400) conditions. At t200f100 it is possible to notice that the vertical

velocity profile (Fig. 3.47-c) partially preserves its original shape, showing a maximum

around the 0.0 mm location, which represents the injector axis projection. At t400f400

the gas cross flow alters this behavior, highlighting how the larger droplets, carrying

higher velocity and able to reach the sampling plane, do not represent the injected mo-

mentum profile.
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3.2. Spray in cross-flow

(a) (b)

(c) (d)

(e) (f)

Figure 3.47: 6H - Spray average kinematic parameter profiles. Left: low load (t200f100): d10 (a), U (c)
and V (e). Right: high load (t400f400): d10 (b), U (d) and V (f)
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Chapter 3. Spray - Flow Interaction

The effect of the cross flow on the spray kinematics is well represented by the d −

U and d − V correlations, especially at t400f400. Fig. 3.48 reports the scatter plot

of the collected droplets over the volume distribution, showing that the larger ones

conserve their momentum to the PDA sampling plane. The smaller droplets, instead,

are deflected by the gas, reducing their vertical component U and being dragged and

accelerated by the gas.

(a) (b)

Figure 3.48: 6H - Spray size-velocity relations at high load flow (t400f400). d− U (a), d− V (b)

3H - water injection The three hole injector is mounted on the test-rig in such way not to

alter the channel transversal symmetry as sketched in Fig. 3.49. The most downstream

hole, aligned with the channel horizontal, is the object of investigation. This setup is

chosen to reduce the influence of the lateral walls on the droplets path and to separate

the three spray cones to avoid mutual interactions. The liquid is injected with 3 Hz

frequency and a pulse duration equal to 60 ms. The measurement campaign is carried

out traversing the spray cone with a resolution of 4 mm along the channel centerline

at the lowest optically accessible plane, set 18 mm above the bottom surface3. The

reported results involve the low load condition (t200f100), and the intermediate condi-

tion (t300f200). The spray cones are only weakly affected by the cross flow and a clear

separation is visible through lateral Shadow Imaging [44]. The influence of the cross

flow interaction increment on d10, U and V is less evident for the three hole injector
3See Appendix B for the detailed traverse geometric summary.
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3.2. Spray in cross-flow

Figure 3.49: Sketch of the 3H installation on the injection chamber.

compared to 6H, as shown in Fig. 3.51. The reported profiles show a maximum in

correspondence of the front cone axis projection, situated 31.7 mm downstream of the

PDA reference system origin, both at t200f100 and t300f200. Fig. 3.50 reports, over

the collected spray volume distribution at intermediate load conditions (t300f200), the

average vertical and horizontal velocity components calculated for each size sampling

bin, highlighting that the larger droplets maintain a large portion of their initial velocity

which is visible from both the measured components. At this cross flow conditions, the

mean flow velocity Uflow,gas is equal to 14.2 m/s and corresponds to the lower thresh-

old of the horizontal component of the droplet velocity (Fig. 3.50-b), underlining that

the largest droplets carry a considerable fraction of their momentum. The same trend

is clear in the vertical droplet velocity U plot (Fig. 3.50-a) which shows a relevant

entrainment only for the droplets with small sizes.

(a) (b)

Figure 3.50: 3H - Spray size-velocity relations at intermediate load flow (t300f200). d − U (a), d − V
(b)
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Chapter 3. Spray - Flow Interaction

(a) (b)

(c) (d)

(e) (f)

Figure 3.51: 3H - Spray average kinematic parameter profiles. Left: low load (t200f100): d10 (a), U (c)
and V (e). Right: intermediate load (t300f200): d10 (b), U (d) and V (f)
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3.2. Spray in cross-flow

6H - AdBlue® injection Shadow Imaging and planar Mie scattering results across the

test bench operating conditions [84], show no distinction between the water and UWS

liquid distribution in the spray-gas interaction phenomenon.

Fig. 3.52 reports the spray lateral view contours constructed by averaging SI images,

showing negligible difference both in the internal and in the cone periphery at high load

conditions, (ρU2
flow)gas = 404 kg/(ms2).

Figure 3.52: 6H - SI image intensity contours [83].

The invariance in the kinematic behavior between water and UWS spray-gas inter-

action is confirmed by the PDA data. Fig. 3.53 shows the UWS droplets average d10,

U and V profiles, reporting the same trends exhibited by the distilled water ones. The

scatter plots of d−U and d−V (Fig. 3.54) relations lead to the same conclusions drawn

in the previous section, showing that the kinematic properties of the small droplets are

strongly modified by the cross flow, which is not able to deflect the inner spray core.

3.2.3 Numerical modeling

The goal of this section is the generation of a reliable and robust numerical model to

simulate the spray behavior at exhaust after-treatment real operating conditions. The

injection section of the test-rig is reproduced and the spray model defined in Sec. 3.1.3

is applied to represent the near-nozzle behavior of the Lagrangian phase. The influence

of the most important submodels is investigated on the basis of the comparison with

average and local Phase Doppler Anemometry data.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.53: 6H - UWS injection - Spray average kinematic parameter profiles. Left: low load
(t200f100): d10 (a), U (c) and V (e). Right: high load (t400f400): d10 (b), U (d) and V (f)
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(a) (b)

Figure 3.54: 6H - UWS injection - Spray size-velocity relations at high load flow (t400f400). d−U (a),
d− V (b)

Mesh and gas phase definition

The optically accessible injection section, highlighted in Fig. 3.55-a, is a 80×80 mm

square chamber and the phenomena under investigation in the analysis of the spray de-

velopment are included in the axial range [0 − 200] mm from the injector location.

To reduce the interference of the boundaries in the development of both continuous

and dispersed phases, the computational domain is defined to cover the axial range

[−120 − 280] mm, as reported by Fig. 3.55-b. A simplified squared section duct ge-

ometry simulates the computation system, as suggested by [95]. The injector channel

is reproduced adding a square channel inclined according to the nozzle axis direction.

Its length depends on the injector mount location which is specified in Sec. 3.2.1. The

details of the mesh are reported in Appendix B.

Thanks to the transversal symmetry of the test-rig and of the nozzles, the numerical

domain is split in half along the channel axis by a vertical plane to reduce the compu-

tational costs. Symmetry boundary conditions are applied on the resulting surface.

Initial and Boundary conditions Dry air, used as operating gas according to the specifi-

cations provided in in Sec. 3.1.3, is initialized providing fully developed fields for the

velocity and the turbulence variables (k and ε according to the standard k − ε model)

at the domain. This conditions are reached running a steady-state incompressible flow
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(a)

(b)

Figure 3.55: Injection section of the test-rig (a) and simulation domain (b).

simulation driven by a pressure gradient on an auxiliary mesh (Fig. 3.56-a) and map-

ping the outlet Ugas, k and ε fields on the inlet. The applied pressure gradient consists

of an explicit source term applied to the momentum equation according to the average

flow velocity. The solution of the simulation, providing the surface fields on an inlet

patch shown in Fig. 3.56-b, allows the direct application to the channel mesh because of

a full geometrical consistency. The fully developed flow initial condition setup on the

(a) (b)

Figure 3.56: Auxiliary computational grid (a) and steady-state velocity profile for low load conditions
(t200f100) (b).

channel domain is then obtained running a compressible steady-state simulation start-

ing from quiescent air at the temperature of the simulated flow regime. The boundary

conditions reported in Tab. 3.7 are applied to the steady-state preliminary simulation

and to the spray tracking cases.
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solid walls inlet outlet symmetry plane
Ugas No slip Ugas=Ugas,developed ∂U/∂n=0 reflecting-symmetric
Pgas ∂P/∂n=0 ∂P/∂n=0 wave-transmissive [69] reflecting-symmetric
Tgas ∂Tgas/∂n=0 Tgas=Tgas,0 ∂Tgas/∂n=0 reflecting-symmetric
Yi,gas ∂Yi/∂n=0 Yi,gas=Yi,gas,0 ∂Yi/∂n=0 reflecting-symmetric
k scalable (all y+) k=kdeveloped ∂k/∂n=0 reflecting-symmetric
ε scalable (all y+) ε=εdeveloped ∂ε/∂n=0 reflecting-symmetric

Table 3.7: CFD boundary condition summary.

Spray simulation

The injector models developed within the injection in quiescent air framework, are ap-

plied to the channel domain as a starting point for the development of a robust simula-

tion setup, including a correct characterization of the heat and mass exchange between

the liquid and the gaseous phase. The analysis of 6H injecting distilled water is the

reference test in the application of the spray submodels in cross-flow conditions, which

is tested on the behavior of 3H. As for the injection in quiescent air, the influence of

the effect of urea in the system is evaluated on 6H. Due to the consistency in the mesh

structure and in the parcel-gas interaction kinematic characteristics, the near-nozzle

modeling is kept as defined in the previous numerical campaign. In particular, no pri-

mary break-up models are applied to the spray, and a direct assignment of the initial

conditions of each parcel in terms of size velocity and direction is explicitly defined by

the conical nozzle injector model.

The extremely limited number of droplets clearly directed upwards collected in the

PDA measurements, highlights the weak influence of the interaction with the bottom

surface in the estimation of the kinematic properties of the spray at the sampling lo-

cation. This assumption, coupled with the reduced injection frequency (1 Hz), allows

considering a single injection pulse (DOI = 60 ms) as significant representation of the

experimental conditions, neglecting the phenomena involving longer time scales than

then injection period, as wall film development or spray recirculation. Therefore, the

simulated spray involves a single pulse with constant injection law, and the reported

results refer to the End Of Injection (EOI), to allow the complete development of the

liquid in the channel and to collect enough parcel events to produce statistically valu-

able data. A simplified spray-wall interaction model, consisting in an artificial sticking
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and de-coupling from the continuous phase of the parcels hitting a solid surface, is

applied to the solid walls of the system.

Grid dependency The high load condition (t400f400) is taken into account to estimate

the influence of the grid refinement on the spray evolution in the system, because of

the strongest spatial gradients caused by the higher momentum and energy sources

provided by the cross-flow. The average kinematic properties of the spray collected on

the sampling line are reported in Fig. 3.58, showing no significant difference with an

increment in the mesh refinement. The coarse label refers to a grid composed of cubic

cells with an edge size of 2 mm, in agreement with the injection in quiescent air cases.

The mid test case involves a tridimensional refinement along the spray path conical

projection which generates cubic cells with an edge size of 1 mm, as reported in Fig.

3.57-a, to reduce the computational expenses. Fig. 3.57-b, shows that the minimum

void fraction is never lower than 0.9, allowing a consistent comparison between the

two cases.

(a)

(b)

Figure 3.57: 6H - distilled water injection - high load t400f400 - mid test case conical refinement (a)
and void fraction at 60 ms after the SOI at t400f400 (b).
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(a) (b) (c)

Figure 3.58: 6H - distilled water injection - high load t400f400 - Grid refinement effect on the average
spray properties: average diameter d10 (a), vertical U (b) and horizontal V (c) velocity components.

The development of the dispersed phase inside the system is shown in Fig. 3.59

in terms of size, velocity magnitude and temperature of the computational parcels,

showing no remarkable differences. The dimension of the spheres corresponds to the

representative diameter of each parcel, highlighting the results obtained analyzing the

PDA results, where the larger drops are not deflected by the cross-flow and maintain

a significant fraction of their initial momentum. On the contrary the smaller ones are

accelerated by the flow and experience an approximately horizontal trajectory. The

temperature of the liquid inside the chamber is always considerably lower than the sat-

uration temperature, which is reached just by the smallest parcels, suddenly deflected

to generate the top part of the spray wake. The grid refinement effect is negligible also

for the gas phase, as shown in Fig. 3.60 which reports the velocity magnitude at 60 ms

after the SOI, sampled on the section corresponding to the intersection of the injector

axis with the top wall (left), with the bottom wall (center), and with the computational

domain outlet (right).

From the reported results it is possible to notice that the trends of the average kinematic

properties of the droplets are captured on the coarse mesh, which becomes the refer-

ence test case for further simulation and discussion. The spray simulation at high flow

conditions (t400f400) provides reasonable agreement with the experimental PDA data,

slightly underestimating the droplet velocity, but over predicting the average diameter.

The hump in the size profile (Fig. 3.58-a) is ascribed to the lack of a reliable mutual

collision model, which can improve the momentum exchange within the liquid phase

in the denser spray core.
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(a)

(b)

(c)

Figure 3.59: 6H - water injection - effect of the grid refinement on the spray at high flow conditions
(t400f400) - time: 0.1 s after SOI. Drop size (a), velocity magnitude (b) and liquid temperature (c) of
the injected spray.

Parcel characterization method The influence of the method used in the parcel properties

assignment is investigated at low load conditions (t200f100) where a better estimation

of the effect of the cross flow on the spray is possible, avoiding the deflection of the

paramount number of parcels representing the smaller droplets and the reduction the

target of the investigation to only the most inertial ones able to reach the PDA traversing

line. As stated in Sec. 3.1.3, the definition of a constant number of droplets per parcel

has shown a better agreement with the PDA data collected injecting in quiescent air.

The improvement of this approach is still evident at t200f100, where the constant mass

approach, labeledmass in Fig. 3.61-a, strongly underestimates the average droplet size

from the core of the spray, ideally projected at 0.0 mm location, to the end of the liquid

wake. Fig. 3.61-b shows the fully developed spray shape, at 60 ms after SOI, on the

centerline of the system, restating the weak liquid entrainment.
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3.2. Spray in cross-flow

(a)

(b) (c) (d)

(e) (f) (g)

Figure 3.60: 6H - Distilled water injection - high load t400f400 - Gas flow velocity magnitude profiles at
60 ms after SOI. coarse test case (top row), and mid test case (bottom row). Section corresponding
to the injector axis intersection with the top wall (a,e), with the bottom wall (b,f) and to the domain
outlet (c,g).
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Chapter 3. Spray - Flow Interaction

(a) (b)

Figure 3.61: 6H - distilled water injection - low load t200f100 - d10 profile (a) and fixed particle per
parcel spray evolution (b).

3H - water injection

The spray modeling in cross-flow conditions is tested on the same computational do-

main with the three hole injection. The nozzle position and orientation are set according

to the sketch reported in Fig. 3.49 and the front hole is halved by the symmetry plane

and crossed by the sampling line.

Fig. 3.62 reports the kinematic properties compared to the experimental PDA data. The

simulation predicts a stronger cone deflection, which is clearer in the intermediate load

conditions (t300f200) showing a shift of the spray location, which corresponds to the

sampling range extension. Moreover, the strong overestimation of the average diame-

ter is an indicator of the entrainment of an excessive fraction of the parcel representing

small droplets, reported in Fig. 3.63. The three hole configuration, coupled with the

thinner cone aperture, amplifies the drawbacks of the proposed simulation setup, which

are attributable to the lack of characterization of the dense spray core features, repre-

sented by the drop-drop collisions and the primary breakup phenomenon.

6H - AdBlue® injection

The lack of characterization of the chemical reaction involved in the urea decomposi-

tion [8,13] and the choice of the Rapid Mixing model for the parcels in the estimation of

the spray modeling behavior in the system, implicate a strong limitation of the charac-

terization of the phase change of the UWS droplets. The findings of [83] are, however,
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3.2. Spray in cross-flow

(a) (b)

(c) (d)

(e) (f)

Figure 3.62: 3H - water injection - Spray average kinematic parameter profiles. Left: low load
(t200f100): d10 (a), U (c) and V (e). Right: intermediate load (t300f200): d10 (b), U (d) and V
(f).
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Chapter 3. Spray - Flow Interaction

Figure 3.63: 3H - water injection - Spray diameter at intermediate load conditions (t300f200). Excessive
entrainment of the small droplets. The upstream parcels are generated by the lateral injector cone.

reproduced by the simulations up to the high load conditions (t400f400), which point

out an average urea mass fraction Yurea close to the injected one, as visible in Fig.

3.64-a. Fig. 3.64-b shows that the fraction of the simulated spray reaching a temper-

ature T > 360 K does not cross the sampling plane. The comparison between the

(a) (b)

Figure 3.64: 6H - UWS injection - high load t400f400 - urea fraction in the liquid mixture Yurea (a) and
diameter of the parcels reaching T > 360 K (b).

average kinematic properties of the spray is reported in Fig. 3.65, showing reasonable

agreement in capturing the spray trends. The left column refers to the low load condi-

tions, t200f100, the right one to the high load ones, t400f400.

The measured and reported data provide a description of the interaction of the sprays

generated by low pressure-driven injection over a wide range of operating conditions.

This chapter represents also the starting point of the analysis of one of the most impor-

tant features in the operation of the urea based SCR technology, which is represented

by the spray-wall interaction. Starting from near-nozzle PDA data, the definition of

the injector model properties is carried out, providing the kinematic properties of the
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3.2. Spray in cross-flow

(a) (b)

(c) (d)

(e) (f)

Figure 3.65: 6H - UWS injection - Spray average kinematic parameter profiles. Left: low load
(t200f100): d10 (a), U (c) and V (e). Right: high load (t400f400): d10 (b), U (d) and V (f).

77



i
i

“lorenzo-thesis” — 2017/10/4 — 15:39 — page 78 — #108 i
i

i
i

i
i

Chapter 3. Spray - Flow Interaction

injected parcels. A new approach for the droplet− to− parcel relation has been pro-

posed, highlighting the effectiveness of assigning a fixed number of droplets to every

parcel in the description of wide drop size distributions. The models are then applied

to exhaust after-treatment conditions, underlining that the proposed models are always

able to catch the trends of the spray properties, generally overestimating the droplet

sizes.

Although the injected diameter distributions are comparable (Fig. 3.39), the different

morphology of the injected streams, six parallel liquid jets for 6H and three thinner and

deviated cones for 3H, strongly influences the spray behavior in cross-flow conditions.

In particular, 3H generates clearly separate streams, increasing the local liquid concen-

tration but decreasing the overall influence of the injection on the flow field, highlight-

ing the lack of droplet mutual collision modeling. The consequent overestimation of

the entrainment of the small droplets is strongly affecting the average diameter repre-

sentation (Fig. 3.62-a,b), but not modifying the spray cone momentum, as shown by

the good representation of the normal and axial velocity components in the near-wall

region (Fig. 3.62-c-e).

This effect is less evident in the simulation of 6H, since the importance of the collision

modeling in the simulation of the small droplets path is weaker compared to the gas

flow recirculation effect, underlined in the injection in quiescent air conditions (Figs.

3.21).

The effect of the urea in the liquid solution both from the experimental and the numer-

ical point of view is found to be negligible in the description of the path of the spray to

the wall.

The CFD results are acceptable within the framework of this project, which aims at

providing a spray characterization able to handle the whole system geometry and op-

erating conditions. In fact, the test cases are run in parallel on 4 Intel® Core™i7 CPU

870 @ 2.93 GHz never exceeding 6 hours for the injection in quiescent air test cases

and 12 hours for the spray development in cross-flow condition, resolving a domain of

a size comparable with a pre-catalytic section of a real SCR system.
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CHAPTER4

Characterization of the spray-wall interaction

The purpose of the characterization of the spray interaction with the walls is the predic-

tion of its kinematic and thermal effects both on the droplets and on the solid structure

of the system. This feature becomes vital in the prevention of liquid film formation

and consequent possible solid deposit formation. According to the previous chapter, a

substantial fraction of the liquid spray injected by low pressure-driven sprays impacts

on the walls of the test-rig, which well represents the pre-catalytic section of a DeNOx

exhaust after-treatment system. On the modeling side, the numerical simulation of the

spray impingement is aimed at defining a modeling approach feasible to represent the

conditions experienced in the system to be included in the Lagrangian-Eulerian frame-

work built in the previous chapter.
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Chapter 4. Characterization of the spray-wall interaction

4.1 Impinging spray properties

The parameters influencing an impact can be ascribed both to the liquid spray and to

the solid walls characteristics. According to [40] the influence of the gravity is usually

excluded from the modeling, as the acting forces are some order of magnitude less than

surface tension and drag. Therefore from the spray side, the kinematic interaction with

a solid surface can be described just through the dynamic properties of the drops, rep-

resented by velocity U, diameter d, density ρ, surface tension σ and dynamic viscosity

µ. These parameters can be synthesized defining dimensionless numbers through the

Buckingham Pi-Theorem which are able to improve the direct comparison of different

conditions. The dimensionless numbers proposed by [40] are reported in Tab. 4.1.

Capillarity Ca U µ
σ

Laplace La ρ σ d
µ2

Ohnesorge Oh µ√
ρ σ d

Weber We ρU2 d
σ

K [56] (ρ d)3/4 U5/4

σ1/2 µ1/4 = We5/8 La1/8

Table 4.1: Dimensionless numbers in the kinematic spray wall interaction description.

Six hole injector

According to [83], who extracted theK numbers from the PDA data collected injecting

UWS at 60 mm from the nozzle location, at constant gas flow temperature equal to

300◦ C and three different gas cross flow loads (100 kg/h, 200kg/h, 300 kg/h). The

K number distribution has been found to be determined by the droplet size distribution,

as shown in Fig. 4.1.

Three hole injector

The same results have been gathered for water injection with 3H [45] at similar gas flow

and temperature conditions, as reported in Fig. 4.2. The higher K numbers correspond

to the larger droplets which are not relevantly affected by the cross flow. In fact the

kinematic parameter distribution flattens increasing the liquid entrainment in the flow

field, showing that the large droplets are not deflected and their velocity is not strongly

reduced.
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4.1. Impinging spray properties

Figure 4.1: 6H - UWS injection - K number by diameter range at 60 mm from the nozzle at Tgas = 300◦

C, and mass flow equal to 100 kg/h (a), 200kg/h (b) and 300 kg/h (c) [83].

The injection of distilled water with 3H at intermediate load conditions (t300f200)

are simulated and validated in the previous chapter. The kinematic parameters of the

droplets are collected on the PDA sampling plane and guide to the same considerations

as shown in the left column of Fig. 4.3. The figures isolate the spray properties of the

front cone at the sampling locations, represented by the PDA plane, and the bottom

surface. The simulation includes the description of the lateral spray cone as well, to

reproduce the spray-related flow field modification and its influence on the front jet de-

velopment. The size of the colored spheres represents the droplet diameters, which are

reported in Section 3.2.3 from Chapter 3. The core of the spray, carrying the paramount

fraction of mass and vertical momentum shows the maximum values of K. The small-

est droplets entrained in the gas flow and composing the wake are not going to impact

the bottom surface and, as visible from the velocity component normal to the bottom

surface (Unorm) have a horizontal trajectory.

The simulation allows to track the behavior of the spray to the wall, as reported on the

right column of Fig. 4.3. It is important to notice that the simulated spray maximum

normal component of the kinematic parameter K drops from 94 to 82 (Fig. 4.3-d),

highlighting that the PDA measurement at 18 mm from the bottom plate allows a good

estimation of the spray properties in terms of velocity magnitude, diameter and abso-

lute K, but not a reliable evaluation of the impact behavior which is dependent on the

normal velocity component, according to [40].
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Chapter 4. Characterization of the spray-wall interaction

Figure 4.2: 3H - water injection - K number by diameter range at 80 mm from the nozzle location: Tgas
= 200◦ C and ṁgas = 200 kg/h (a), Tgas = 200◦ C and ṁgas = 300 kg/h (b), Tgas = 300◦ C and
ṁgas = 200 kg/h (c), Tgas = 300◦ C and ṁgas = 300 kg/h (d) [45].

4.2 Impinging fluid mass quantification

Most of the measurement techniques, like Mie scattering [83] or high speed imag-

ing [94] are able to determine qualitative characterization of the spray behavior as well

as relative quantitative comparisons. Recently, high speed Schliren technique has been

applied to highlight the effect of the wall interaction on the spray development and

evaporation over a wide range of temperatures [53], providing as well a qualitative im-

pingement behavior. The measurement of the absolute value of the spray volume flux

has been performed through a complete Phase Doppler Anemometry sweep [65, 66]

involving a full lateral optical access to the near surface region and a dense spatially

distributed sampling matrix in a fuel spray context. The critical post-processing tech-
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4.2. Impinging fluid mass quantification

(a)

(b)

(c)

(d)

Figure 4.3: 3H - water injection - time = 100 ms after SOI. Front cone visualization of the velocity and
the kinematic parameters (the size of the spheres represents the parcel characteristic diameter). left:
PDA sampling plane, right: bottom surface. Droplet velocity magnitude (a) and component normal
to the bottom surface (b). Absolute Kinematic parameter K (c) and normal component Knorm (d).

nique highlighted by [6] and the necessity of a wide measurement grid to provide a

complete mass flow map, excludes the application of this latter method from the frame-

work of this project. Mechanical patternation is taken into account to provide a spatially

distributed liquid mass measurement.
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Chapter 4. Characterization of the spray-wall interaction

4.2.1 Experimental setup

A mechanical patternator has been designed and built at Empa [21, 98] to quantify the

mass distribution at the lowest accessible sampling plane. The instrument is composed

of a perforated plate where 24 circular probes, with a inner diameter of 5 mm, are in-

stalled as pictured in Fig. 4.4. The instrument characteristics are based on the design

proposed by [90]. The tips of the probes are sharpened to reduce the influence of the

(a) (b)

Figure 4.4: Schematic of a single probe (a) and of their distribution on the perforated plate.

walls interference in the mass collection process. The liquid gathered by each probe

is collected in a polyethylene bottle with a capacity of 250 ml through a silicon tube.

A vacuum pump generating an underpressure of 0.1 bar at the end of the collecting

tubes, is connected to the bottles to generate the suction needed to avoid stagnation of

the droplets on the probe channel walls due to capillary force. The plate is inserted in

the injection chamber replacing the standard bottom wall, as sketched in Fig. 4.5. The

patternation matrix, shown in Fig. 4.4-b has a resolution of 10 mm in the gas flow direc-

tion and of 15 mm along the transversal coordinate. The relative positioning between

the flow channel and the instrument can be controlled along the two planar coordinates
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4.2. Impinging fluid mass quantification

Figure 4.5: Sketch of the patternator location inside the injection chamber.

to perform sequential measurements and to increase the spatial resolution up to 2 × 2

mm, partially overlapping the probe areas as reported in Fig. 4.6.

Each measurement involves a statistically relevant number of injections (1700 to

Figure 4.6: Partial overlap of the sampling areas of a probe.

3000). The mass collected by each bottle, corresponding to the sampling location is

weighted with a scale with an accuracy of ±0.01 g. A more detailed description of the

design of the instrument is available in [98].

4.2.2 Evaluation of the intrusiveness of the instrument

Computational Fluid Dynamics is used to estimate the modification of both the gaseous

flow field and the spray development inside the test rig [60].

Flow field modification The impact of the patternator on the gaseous field inside the test

rig has been investigated through steady-state simulation of cross flow over the kine-

matic and thermal conditions range operated in the spray characterization campaigns,
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Chapter 4. Characterization of the spray-wall interaction

summarized in Tab. 4.2. Mass, momentum and energy balances are discretized on the

label ṁgas Uflow,gas Tgas Re
[kg/h] [m/s] [◦ C] [−]

t200f100 100 5.8 200 13.4 103

t300f200 200 14.2 300 23.6 103

t400f400 400 33.1 400 41.5 103

Table 4.2: Summary of the gas flow conditions tested in the CFD campaign.

real channel geometry. The resulting computational grid, which is reported in detail in

Appendix B and shown in Fig. 4.7 exploits the transversal symmetry of the system,

and therefore involves half of the geometry extension, applying a reflecting boundary

condition of the vertical surface built on the channel axis and reducing the overall cell

count.

To compare the gas flow development in the configuration implementing the patter-

(a)

(b)

Figure 4.7: Computational mesh for the patternator setup. Lateral view (a) and outlet section detail
(b).

nator with the standard one, two grids are generated starting from cubic cells and

refining and adapting to the geometry features through the use of prisms and polyhedra

with snappyHexMesh tool [33]. No slip conditions are applied to the velocity fields
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4.2. Impinging fluid mass quantification

at the solid walls, which are considered adiabatic. Turbulence is handled with the stan-

dard k−εmodel, setting the wall boundary layer to be one-cell thick since scalable wall

functions are used. Dry air is treated as a perfect gas, according to the specifications

reported in Appendix A.

The probe suction flow is reproduced imposing a 10 Pa underpressure at the probe base

to match the estimated intake velocity of 5 m/s.

Tab. 4.3 summarizes the boundary condition setup.

solid walls inlet outlet sym plane probe suction

Ugas No slip Ugas=Ugas,flow ∂U/∂n=0 reflecting ∂U/∂n=0

Pgas ∂P/∂n=0 ∂P/∂n=0 Ptot,gas = Pamb reflecting Ptot,gas = Psuction

Tgas ∂Tgas/∂n=0 Tgas=Tgas,0 ∂Tgas/∂n=0 reflecting ∂Tgas/∂n=0

k scalable (all y+) k=0.05Iturb ∂k/∂n=0 reflecting ∂k/∂n=0

ε scalable (all y+) ε=f(lturb) ∂ε/∂n=0 reflecting ∂ε/∂n=0

Table 4.3: CFD boundary condition summary.

Fig. 4.8 reports the impact of the probes on the region involved by the spray devel-

opment at intermediate load (t300f200), highlighting that the variation is confined to

the patternator inlet plane, without affecting a large fraction of the channel section. The

Figure 4.8: Velocity profile and magnitude at t300f200 on the symmetry plane of the injection section.

profiles of the component of the gas velocity along the channel axis (Ugas,x) are ana-

lyzed along the channel symmetry plane, which corresponds to the centerline vertical

section. The influence of the instrument in the flow development is evaluated at three
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Chapter 4. Characterization of the spray-wall interaction

different locations, representing the projected spray core center on the sampling plane

(position 1), the last downstream edge (position 2) and a section 40 mm downstream

of the last probe to quantify the modification of the path to the actual catalytic section

of the rig (position 3) as shown in Fig. 4.9. The patternator is positioned in the most

upstream position, to reproduce the most invasive situation from the spray development

side.

Fig. 4.10-a,c,e report Ugas,x over the channel vertical coordinate, normalized on the

Figure 4.9: Position of the sampling lines in the evaluation of the flow field modification. The patternator
positioning refers to the 3H channel setup.

average inlet velocity, reported in Tab. 4.2, since the gas flows in isothermal conditions.

The differences in the velocity profiles are reported in Fig. 4.10-b,d,f, showing a dis-

crepancy always lower than the 10% of the inlet average value. The steeper reduction

of Ugas,x close to the probe entrance is the result of both the vacuum pump suction and

of the physical obstacle represented by the patternator iteself.

Spray-Patternator interaction

The 6H injector model was used to assess the probe interference on the development of

distilled water spray from low pressure-driven sprays. The injection is simulated within

the Lagrangian-Eulerian framework as described in Sec. 3.2.3 of Chapter 3. The mesh

involved in the calculation reproduces the injection chamber of the test rig in its real

geometry and it is extracted from the flow field mesh. A conical refinement is applied

to the injector cone projection to be consistent with the PDA validation process. The

two different grids referring to the standard channel configuration (Fig. 4.11-a) and to

the patternator insertion in the system (Fig. 4.11-b) are described in detail in Appendix
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4.2. Impinging fluid mass quantification

(a) (b)

(c) (d)

(e) (f)

Figure 4.10: Velocity profile on the centerline of the injection section (a,c,e) and difference in the velocity
profiles introducing the patternator in the system, normalized on the average inlet velocity Uflow
(b,d,f).
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Chapter 4. Characterization of the spray-wall interaction

B. The probe arrangement is kept fixed and represents the most upstream measurement

(a) (b)

Figure 4.11: Computational meshes for the injection chamber in its standard configuration (a) and
with the presence of the patternator (b).

location, introducing the worst case condition in which the biggest portion of the spray

experiences an interaction with the modified flow field. The injection duration is set

to 100 ms and the reported results refer to the nozzle closing instant. Fig 4.12 reports

the spray qualitative patterns at low (t200f100) and intermediate (t300f200) conditions,

showing negligible influence of the patternator presence. The spray color is cut at the

probes measuring plane for visualization purpose. The planar distribution of the spray

(a) (b)

(c) (d)

Figure 4.12: Simulated spray path to the instrument measuring plane. t200f100 standard channel
(a), t300f200 standard channel (b), t200f100 patternator channel (c) and t300f200 patternator
channel (d).

mass on a plane set 5 mm above the probe inlet is reported in Fig. 4.13, reinforcing
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4.2. Impinging fluid mass quantification

the assumption of a limited impact of the patternator geometry on the spray evolution

under cross flow conditions. The coefficient of variation cv,facei of the collected spray

mass normalized on the total value collected by the sampling region is calculated for

each computational face as defined in (4.1).

cv,facei =
σfacei
m̄facei

(4.1)

cv,facei compares the local standard deviation σfacei and the mean value m̄facei obtained

in the two channel configurations. Figs. 4.13-e,f report the coefficient of variation

maps, showing that the wider differences are concentrated in the very periphery of the

spray. Indeed, the average cv over the whole sampling plane is 10.26 % for t200f100

and 15.54 % for t300f200, showing that the patternator influences the planar spray mass

distribution within an acceptable deviation range.

Experimental results

The experiments have been carried out in [21] on the injection of distilled water by

the three hole injector 3H. Standard injection settings correspond to a DOI of 150 ms

and a frequency of 3 Hz. The patternator inlet plane is positioned 79 mm from the

injector position as shown in Fig. 4.9. To assess the instrument performance inside

the test rig, preliminary measurements were performed in the channel with quiescent

air conditions, in order to collect the total footprint with a resolution of 2 × 2 mm and

integrating the results to obtain the total injected mass value. This value has been then

normalized to obtain a mass per injection value that will be considered the reference

to estimate the entrainment and the phase change due to cross flow interaction. To

evaluate the accuracy of the instrument, the injector was removed from the channel and

2500 injection were collected in a closed tank at ambient temperature. The resulting

mass per injection value has been compared to the one obtained through patterna-

tion, as reported in Tab. 4.4. The higher value obtained with the patternator is ascribed

to the recirculation of the droplets impinging and splashing/rebounding on the probe

walls in absence of cross flow. The error has been considered small enough to perform

the experimental campaign. Fig. 4.14 shows the spray mass footprint collected with

the spray patternator in quiescent air at room temperature, where the axis origin (0,0) is
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Chapter 4. Characterization of the spray-wall interaction

(a) (b)

(c) (d)

(e) (f)

Figure 4.13: Spray mass flux comparison at 5 mm from the patternator probe inlet plane. Maximum
collected mass value: 6.3 10−3 g for t200f100 and 3.7 10−3 for t300f200. standard channel at
t200f100 (a), standard channel at t300f200 (b), patternator channel at t200f100 (c) patternator
channel at t300f200, cv,facei map for t200f100 (e) and cv,facei map for t200f100 (f).

set by the initial position of the most upstream probe row, corresponding to an horizon-

tal shift of 43.40 mm from the injector location. It shows three clearly separated peaks

corresponding to the three injector hole spray cones. Therefore, in order to speed up the

measurement campaign, only the front and most downstream cone has been analyzed.

To understand the separate influence of the thermal interaction with the flow field

and the liquid evaporation, gas iso-momentum measurements have been carried out,

assuming that air density is only temperature dependent: ρgas = ρ(T ). The chosen

momentum value, ρU2
gas = 62.5 kg/ms2, represents an intermediate condition for the

test rig, and corresponds to a mass flux of 200 kg/h at room temperature. Then, the

effect of the aerodynamic drag and the consequent entrainment has been estimated by
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4.2. Impinging fluid mass quantification

method collected mass [g/inj]
tank 0.2927
patternation+integration 0.3102
relative error 5.64

Table 4.4: Patternation accuracy estimation.

Figure 4.14: Local Impingement Rate at zero flow conditions and room temperature. Reference value =
7.36 10−4 g/(injmm2).

varying the cross flow momentum at room temperature. Tab. 4.5 summarizes the iso-

momentum and iso-temperature conditions. To compare the spray mass distribution

Tgas [◦] gas mass flux [kg/h]
20 0
20 200

150 166
200 157
300 143
400 132
20 100
20 200
20 300

Table 4.5: Iso-momentum and iso-temperature flow conditions.

along the measurement matrix, a constant Region Of Interest (ROI) has been defined

from the peak position defining a rectangle formed by the minimum extension of the

footprint in each direction as reported by [21, 60]. The footprint has been presented

as a specific mass flux normalized on a single injection pulse expressed as Local Im-

pingement Rate (LIR, [g/(inj mm2)]). The longitudinal and transversal distribution

are reported in Fig. 4.15. Tab. 4.6 reports the front cone location, the integral value of
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Chapter 4. Characterization of the spray-wall interaction

(a) (b)

Figure 4.15: Iso-momentum Local Impingement Rate profiles: longitudinal (a) and transversal (b).

the collected mass and Local Impingement Rate measured with the patternator at am-

bient temperature and no gas flow conditions (t20f0) which have been considered the

references to estimate the effect of the gas flow on the spray behavior. The reduction

t20f0
peak x position [mm] 43.57
max LIR [g/(inj mm2)] 7.36·10−4

integral value [g/inj] 0.0847

Table 4.6: Front cone footprint characterization at no flow conditions t20f0.

of the total collected mass (4.2) due to the partial evaporation and the entrainment of

the spray, as well as the decrease of the LIR peak (4.3) are reported in Tab. 4.7 for the

iso-momentum conditions. No relevant displacement in measured mass flow peak has

been found when increasing the temperature of the gas.

mass reducttXfY =
(mtXfY −mt20f0)

mt20f0

(4.2)

peak reducttXfY =
max (LIRtXfY )−max (LIRt20f0)

max (LIRt20f0)
(4.3)

Fig. 4.16 shows the effect of the increased gas flow momentum keeping the gas at

room temperature on the spray pattern. Increasing the flow velocity, the spray cone

experiences a slight shift of the footprint position downstream and a less than linear

LIR peak reduction. The results are summarized in Tab. 4.8. The LIR peak reduction

and the mass reduction trends are plotted in Fig. 4.17, showing less than linear variation

increasing both the drag and the phase change between spray and gas flow field. Even
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4.2. Impinging fluid mass quantification

t20f200 t150f166 t200f157 t300f143 t400f132
Peak X position [mm] 47.90 47.50 49.42 48.33 48.47
Longitudinal ∆X[mm] 4.34 3.94 5.86 4.76 4.90
Max LIR [g/(inj mm2)]] 4.74E-04 4.14E-04 3.97E-04 3.95E-4 3.45E-04
Peak reduction % 35.68 43.82 46.09 46.35 53.10
Integral value [g/inj] 0.0685 0.0488 0.0479 0.0429 0.0444
Mass reduction % 19.13 42.38 43.45 49.35 47.58
Phase change compared to t20f200 % 23.25 24.32 30.22 28.45

Table 4.7: Iso-momentum measurement summary.

(a) (b)

Figure 4.16: Iso-temperature Local Impingement Rate profiles: longitudinal (a) and transversal (b).

at the highest gas flow conditions t20f300 at room temperature, the 77.5 % of the liquid

crosses the patternation plane, and therefore is going to impact on the wall, generating

strong cooling of the system walls and consequent liquid film formation. It is important

to notice that the effect of an increased gas temperature generates a reduction of the

Local Impingement Rate which is comparable to the entrainment one.

4.2.3 Numerical simulation of the impinging mass flux

The reported measurement campaign involved the characterization of the mass flux of

the front cone of the three hole injector (3H), which does not represent the core of the

numerical activity of this work and is used as a test for the validity of the modeling

approach, as shown in Chapter 3. For this reason the assessment of the patternator in-

fluence on the test bench operating condition and on the spray development has been

carried out during the design process employing 6H as a reliable representation of a

pressure-driven injector for SCR application. Only two operating conditions are simu-

lated in this section for the 3H injector, focusing on the effectiveness of the proposed

97



i
i

“lorenzo-thesis” — 2017/10/4 — 15:39 — page 98 — #128 i
i

i
i

i
i

Chapter 4. Characterization of the spray-wall interaction

t20f100 t20m200 t20m300
Peak X position [mm] 45.89 47.90 48.70
Longitudinal ∆X [mm] 2.33 4.34 5.14
Max LIR [g/ (inj mm2)] 5.63E-04 4.74E-04 4.40E-04
Peak reduction % 23.54 35.68 40.20
Integral value [g/ inj] 0.0742 0.0685 0.0657
Entrainment % 12.40 19.13 22.43

Table 4.8: Iso-temperature measurement summary.

approach on the overall injector simulation quality.

The results of Section 4.2.2 determine an acceptable deviation of both the gas flow

field and the spray development with the introduction of the patternator in the channel.

To avoid the complex simulation of the impact of the parcels on the probe geometry,

the spray mass planar distribution is collected sampling on a flat surface set in corre-

spondence to the instrument inlet (79 mm from the injection location). This approach

allows also to collect a continuous mass distribution, without the necessity of moving

the probe positions and spatially integrate the results.

The simulations are carried out on the simplified representation of the channel proposed

in Chapter 3, initializing the fields according to a fully developed gas flow (described

in detail in Section 3.2.3).

Injection without cross-flow The reference values in the experimental campaign, extracted

injecting without cross flow, involve the determination of the injected mass distribution

and the maximum Local Impingement Rate location and magnitude. The quality of the

numerical representation of the mass flow pattern is therefore tested in this conditions,

emphasizing the effect of the proposed approach to split the liquid mass in the compu-

tational parcels. The simulation involves a single injection pulse with a duration of 100

ms.

Fig. 4.18-a reports the longitudinal LIR profile, showing that the fixed number of

droplets per parcel, labeled parcel, produces a good agreement with the experimen-

tal data. The constant mass per parcel, labeled mass, tends to smooth the mass flow

profile, mostly because of the overestimation of the weight of the small size droplets

and the consequent prediction of a lower inertia in the core of the spray. The planar

spray mass distribution on the sampling plane at 100 ms after the SOI, normalized
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4.2. Impinging fluid mass quantification

(a)

(b)

Figure 4.17: LIR peak and integral mass reductions for iso-momentum (a) and iso-temperature (b)
conditions.

on the maximum collected value, is reported respectively for the mass (Fig. 4.18-b)

and for the parcel approach (Fig. 4.18-c) underlining that the strong axial inertia of

each cone measured through patternation is better represented by parcels composed of

a constant number of droplets without taking into account their size.

Injection with cross-flow The behavior of the modeling framework is tested on the in-

termediate gas flow momentum conditions at room temperature (t200f20) representing

the ρU2
gas = 62.5 kg/ms2 value. The spray model of the 3H injector tend to overpredict

the front cone displacement and the extension of the planar mass footprint. This result

can be ascribed to the not perfect match found for the 3H injector kinematic properties

over the PDA data in the previous chapter, and to the absence of a drop-to-drop colli-
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Chapter 4. Characterization of the spray-wall interaction

(a) (b) (c)

Figure 4.18: Longitudinal profile of the Local Impingement Rate of the 3H injector without cross flow
(t20f0) (a), planar mass distribution obtained with the mass (b) and parcel (c) approaches.

sion model applicable to low-pressure driven sprays and the consequent overestimation

of the small drops drag. The constant mass per parcel approach (mass) produces a

strong overestimation of the entrainment, which is partially avoided with the parcel

approach as shown in Fig. 4.19-a. Fig. 4.19-b,c report the spray mass collected on

the sampling plane, normalized on the maximum collected values, highlighting that the

constant mass approach is not able to describe the conservation of the spray core in

presence of gaseous cross-flow.

4.3 Impingement modeling

As clearly stated by the experimental campaign, the representation of low pressure

driven sprays in a confined environment as an exhaust after-treatment channel involves

a substantial interaction with the solid boundaries of the system. Therefore the defi-

nition of a spray-wall interaction model which considers all the characteristics of the

incoming drop, the wall, and environment provided by the simulations validated in the

previous sections and determines the outcome of the impact (Fig. 4.20) is of vital im-

portance.

Several models have been developed for the representation of the spray-wall interac-

tion, determining different approaches in the phenomenon analysis or the introduction
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4.3. Impingement modeling

(a) (b) (c)

Figure 4.19: Longitudinal profile of the Local Impingement Rate of the 3H injector at ρU2
gas = 62.5

kg/ms2 (a), planar mass distribution of with the mass (b) and parcel approach (c).

Figure 4.20: Sketch of a droplet impact event [40].

of different parameters for the regime classification (e.g. surface roughness [7] or the

droplet frequency [87]). The work of [40] provides a critical analysis of the available

modeling strategies and a synthetic representation of the semi-empirical correlation de-

termining the phenomena description. It has been widely used in the CFD simulation of

urea based Selective Catalytc Reduction systems [8,12,15,30] because of its applicabil-

ity to the Lagrangian-Eulerian framework and because of the introduction of a thermal

threshold on the impact regime recognition, which is fundamental in the determination

of the possible wetting of the solid surface and the consequent identification of critical

locations for solid deposit formation. Within this work, the model is implemented from

scratch in the OpenFOAM® platform.
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Chapter 4. Characterization of the spray-wall interaction

Impact regime classification

The classification of the impact regime is based on critical values of a thermal parame-

ter T ∗ (4.4) and a kinematic parameter which is the previously introducedK (Tab. 4.1).

The regime transition criteria for single drop impingement are summarized in a general

expression that accounts for dry and wet walls, covers the whole temperature range.

T ∗ =
Twall
Tsat

(4.4)

The whole impingement regime map, reported in Fig. 4.21-a is simplified by [40] as

sketched in Fig. 4.21-b, defining four impact regimes: deposition, cold splash, rebound

and thermal breakup.

Since no clear influence of the impingement angle is found in literature, the regime

(a) (b)

Figure 4.21: Complete impact regime characterization [7] (a) and the regime map proposed by [40]
and implemented in the code (b).

recognition is dependent on the velocity component normal to the surface, and the

consequent normal kinematic parameter Knorm. A critical dimensionless temperature

T ∗crit = 1.1 is defined according to experiments by [2, 40], and separates the cold and

hot wall behavior.

Above this threshold, the temperature of the wall tends to induce breakup considerably

reducing the kinematic threshold between conservative and destructive impacts. No

surface roughness influence is reported in the determination of the hot wall Kcrit,hot

which is represented by a uniform probability function between 20 and 40 as shown in
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4.3. Impingement modeling

(4.5)

Kcrit,hot = rnd [20− 40] (4.5)

The cold wall conditions allow liquid deposition on the surface and therefore the regime

recognition is dependent of the wall wetting. For cold and dry walls, the critical kine-

matic parameter is dependent on the dimensionless temperature and on the wall surface

roughness, which are separated in the formulation by [40]. The minimum value of the

kinematic parameter is considered a function of T ∗ as shown in (4.6), according to a

limiting value KT,min = 54, a maximum set by [56] as KT,max = 130, the coefficient

ct equal to 13 and the transition tempeature T ∗trans = 1.05 in the OpenFOAM®.

Kmin (T ∗) =


KT,min + (KT,max − KT,min) ect (T ∗−1), T ∗ 6 1

KT,max, 1 < T ∗ < T ∗trans.

(4.6)

A smooth function has been proposed to introduce the surface roughness dependence

on the critical kinematic parameter as reported in (4.7), on the basis of [89]. The εa

variable refers to the wall surface roughness normalized on the impinging drop size.

Kcold,crit (εa T
∗) = Kmin (T ∗) − 12.75 (ln (εa) − χ) + 12.75

√
(ln (εa) − χ)2 + 5

(4.7)

with χ = − Kmin (T ∗) + 43.6

25.5

The transition between the hot and cold behavior is achieved through the blending

function (4.8)

Kcrit (εa T
∗) = (1− λ) Kcrit,cold + λ (Kcrit,hot) (4.8)

with λ =
arctan (p (T ∗ − T ∗trans))

π
+

1

2
, p =

tan
(
π
(
ω − 1

2

))
dT ∗

The parameters chosen in the implementation correspond to T ∗trans = 1.05, dT ∗ =

0.05, and ω = 0.999.

Assuming constant spray properties, the resulting splashing threshold function Kcrit =

f (εa T
∗) increases with higher wall temperatures up to the hot wall thermal threshold,

where the boiling induced breakup enhances a destructive impact interaction probabil-
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Chapter 4. Characterization of the spray-wall interaction

ity. A rougher wall imposes a normal component to the tangential fluid movement by

induced turbulence, facilitating a destructive interaction of the droplet with the wall.

This trend is reduced increasing the temperature of the wall, because of the easier

vapour generation in the surface depressions, which act as a cushion for the penetration

of the liquid in the crevices. This behavior is depicted in Fig. 4.22-a, and its effect on

the overall kinematic threshold map is reported in Fig. 4.22-b.

The presence of liquid on the surface, which implies cold wall conditions, alters the

(a)

(b)

Figure 4.22: Effect of the surface roughness coupled with the wall temperature on the impact (a) and
kinematic threshold Kcrit = f (εa T

∗) behavior [40] (b).

droplet behavior on the surface and introduces the necessity of characterizing another

surface property, which is defined as the liquid film thickness normalized on the droplet

diameter (4.9).

δ =
hfilm
d

(4.9)

A functional description of the kinematic parameter threshold literature data [19, 51,

101] for wet conditions has been generated in [40]. It employs a Weibull expression

(4.10) and is defined according to the φ function (4.11) of δ and the droplet Laplace

number La (Tab. 4.1).

Weibull (x, x0, q) =
q

x0

(
x

x0

)q−1

e
−
(
x
x0

)q
(4.10)

φ (x, x0, yl, yr, s) =
yr − yl
π

arctan

(
π s

x− x0

yr − yl

)
+
yr − yl

2
(4.11)

The definition of the Kcrit for wet impact depends on the conditions reported in (4.12)

and it refers to the δ0 variable, which represents the values for the switch between low
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4.3. Impingement modeling

La and high La behavior, defined in (4.13). The behavior of the wet splashing threshold

is reported in Fig. 4.23.

Kcrit (δ La) = φ (δ, δ0, 125, 58.7, −100) + (408.4 δ0 − 283.6) Weibull (δ, δ0, 3)

(4.12)

δ0 = φ (La, 600, 0.85, 1.08, 0.003) (4.13)

Figure 4.23: Kcrit threshold for impact on wet wall. Comparison between the implemented value and
the data from [19, 51].

Determination of the impact outcome

The relevant quantities of the droplets leaving the wall handled by the model are able

to provide a detailed characterization of the momentum of a computational parcel. The

outcome of the impact1 can be therefore defined according to:

• mass fraction of the secondary drops νm = mass1
mass0

• size ratio γ = d1
d0

• velocity magnitude

1The subscript 0 is used to refer to the impinging droplet. Each of the droplets ejected from the impact is labeled with the
subscript 1
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Chapter 4. Characterization of the spray-wall interaction

• trajectory (ejection angle toward the surface β and deviation angle ψ from the

incident planar direction)

• number of particle per parcel to fulfill the overall mass balance.

Mass ratio The implemented semi-empirical function, based on [7], has been corrected

by [40] to include the hot wall transition and the liquid film interaction is reported in

(4.14). No liquid deposition is considered when the dimensionless temperature T ∗ is

above the critical threshold. In case of presence of wet surface, the impact can remove

a fraction of the mass of the liquid film obtaining νm > 1.

νm =


max

(
0,min

(
1, T

∗−0.8
1.1−0.8

(1−B) + B
))
, with B = 0.2 + 0.6 p, dry wall.

max
(
0,min

(
1, T

∗−0.8
1.1−0.8

(1−B) + B
))
, with B = 0.2 + 0.9 p, wet wall.

(4.14)

where p = rnd(0 , 1)

Size ratio No clear temperature influence has been found in the determination of the

size of the secondary droplets, guiding to the implementation of the same size ratio

correlation in the CFD code. The formulation for dry wall impact by [40], couples

the data of [36, 87] assuming a similarity to the formulation of [58], which provides

the correlation for wet wall interaction. The average diameter of the ejected droplets

is dependent on the Weber number We (Tab. 4.1) and the impingement angle α and

reported in (4.15).

γ =


3.3 e3.6(απ )

2

We−0.65, dry wall

2.2 e3.6(απ )
2

We−0.36, wet wall.
(4.15)

The assignment of the size of each secondary droplet is then defined according to a

Weibull distribution built around the average value γ which is used as scale parameter,

assuming a shape parameter q equal to 2.

For the hot rebound interactions the droplet is assumed not to change its size.

Velocity ratio The velocity of the secondary drops is distinguished between rebound

and atomization and no thermal characterization is expressed for the destructive in-
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4.3. Impingement modeling

(a) (b)

Figure 4.24: Diameter ratio for dry [36, 87] (a) and wet [58] (b) impingement conditions.

teractions. The rebound expresses a conservation of the tangential momentum of the

droplet, and a reduction of the normal momentum component is defined as a function

of the normal impact Weber number [99] reported in (4.16) and shown in Fig. 4.25

We1 = 0.678We0 e
−4.415·10−2We0 (4.16)

The splashed droplet velocities in dry wall conditions are derived as function of the

Figure 4.25: Normal We reduction trend in the hot rebound interaction [99].

107



i
i

“lorenzo-thesis” — 2017/10/4 — 15:39 — page 108 — #138 i
i

i
i

i
i

Chapter 4. Characterization of the spray-wall interaction

absolute Weber number Wea and the angle impingement angle α according to (4.17).

Wea,1 = γ
(
Wea,0

(
1− η′ sin2 α

)
+ 12

)
− 12

ν32

with η
′

= 0.85 and ν32 = 2

(4.17)

For wet wall splash events, the formulation is dependent as well on the angle and on

the absolute Weber number [58] as reported in (4.18).

max
(

51− 7.1 e3.4αr
π , cαWea,0

)
with cα = −0.378

(αr
π

)2

− 0.123
αr
π

+ 0.156

(4.18)

Fig. 4.26 shows the implemented model behavior against the experimental data gath-

ered in [40]. The velocity of the single parcel is calculated in the code from the We

(a) (b)

Figure 4.26: Absolute We reduction correlation for dry [87] (a) and wet [58] (b) impingement condi-
tions.

definition, according to the characteristic droplet size calculated in the previous para-

graph (4.19).

U1 =

√
σWea,1
ρ di,1

(4.19)

Ejection angle For hot rebound conditions the trajectory of the droplets after the impact

is a result of the reduction in the normal component of the momentum, and tends to flat

on the surface. The ejection angle toward the surface β has been found dependent on

the droplet incident direction [56, 58] in cold and wet wall conditions.

For impacts on hot surfaces, a strong dependence on the Weber number has been de-
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4.3. Impingement modeling

scribed by [2, 40].

The resulting angles are distributed on the splashed droplets through a logistic distribu-

tion (4.20) around the average value calculated in (4.21).

logistic
(
β, β̄, σl

)
=

1

σl

e
−β−β0

σl(
1 + e

−β−β0
σl

)2 with σl = 4 (4.20)

β̄ =


9.3 + ln εz (2.7− 0.03α) + 0.22α, cold dry wall

0.225α e(0.017α−0.937)2 , wet wall.

α 0.96 e−0.0045We, hot wall.

(4.21)

The behavior of the code is reported in Fig. 4.27 for the three possible impact cases.

(a) (b) (c)

Figure 4.27: Ejection angles β for cold-dry wall [56]: CFD smooth profile refers to εz=0.05, and CFD
rough profile to εz=0.3 (a), hot wall [2] (b) and wet wall [58] (c).

Deviation angle For orthogonal impingement, the secondary drops leave the impinge-

ment location with random planar direction. For smaller impact angle α < 90◦ the

distribution is condensed at the leeward side and diluted at the windward side. This

effect is directly related to the conservation of the tangential component of the mo-

mentum. The modeling approach proposed by [40] is based on mass and momentum

conservation, assuming that the thickness of the sheet caused by the spray, in analogy

with an impinging jet, is proportional to the probability of drop emission. The resulting
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Chapter 4. Characterization of the spray-wall interaction

deviation angle ψ formulation is reported in (4.22).

ψ = −π
ω

ln
(
1 − p

(
1 e−ω

))
(4.22)

with

ω =


√

1+8,872 cos 1.152α
1−cosα

, α ≤ 80◦

π2

2
cosα, α ≥ 80.

Number of parcels A destructive interaction with the walls induces the fragmentation of

the impinging drop into a variable number of secondary droplets. The size ratio for-

mulation (4.15) provides the characterization of ejected droplet diameter, and therefore

their number through the conservation of mass. Within the Discrete Parcel Model ap-

proach employed in the Lagrangian description of the spray proposed by this work, an

additional assumption needs to be defined to characterize the droplet breakup. [40] pro-

poses to generate three new parcels for each destructive impingement event, according

to [87]. The cumulative Weibull distribution corresponding to the parameters defined

in the size ratio analysis around the average value γ is therefore accessed with three

random points to extract three characteristics diameters to be assigned to each compu-

tational parcel. The determination of the total number of droplets Ntot, composing the

three parcels, is determined by the discretized mass balance (4.23).

π

6
ρ ,Ntot

Nparcels∑
i=1

(
pdfi d

3
i

)
= νmm0 (4.23)

The Weibull pdf is accessed again to distribute the fraction of Ntot to each of the

ejected parcels.

Model outcome

The released OpenFOAM® library provides two spray-wall interaction models. The

simplest one2 constrains the behavior of the impinging parcel to a constant interaction

type, neglecting the parcel and the system thermal and kinematic parameters.

A more detailed impingement model3, based on [7] is available to characterize the in-
2StandardWallInteraction
3ThermoSurfaceF ilm
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4.3. Impingement modeling

teraction of the spray with cold walls, both wet and dry, through a routine comparable

with the newly implemented one.

It is not suitable for the field of interest of this work, because it is not able to discrim-

inate hot wall impingements from the purely kinematic interactions, as shown in Fig.

4.28, not allowing the identification of the events provoking wall cooling.

The new impingement model is tested in its hot and cold behavior and compared to the

(a) (b)

Figure 4.28: Impingement map sketch for the OpenFOAM® model (a) and the one newly implemented
on the basis of [40].

state of the art of the available CFD platform involving dry wall conditions representing

possible operating conditions of an SCR system. The graphs showing the agreement

of the implement model results over the experimental data are generated testing the in-

teraction of a distilled water single droplet impact on a flat surface, as sketched in Fig.

4.29.

The implemented spray-interaction model is able to handle both single and multi-

region test cases, therefore to be consistent with the released model a single layer region

is put in correspondence to the bottom wall, which acts as a thin liquid film with zero

thickness. The surface temperature is kept constant and de-coupled from the gaseous

and the dispersed liquid phases to 300 K (T ∗ ≈ 0.8) to simulate the cold wall behav-

ior, and to 450 K (T ∗ ≈ 1.2) for the hot wall interaction. To be consistent with the

OpenFOAM® standard model, the droplet We number is reported to compare different

impingement regimes.

The first impact event involves a drop with normal We equal to 600 generating a de-

structive interaction according to both the model thresholds and the behavior is reported
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Chapter 4. Characterization of the spray-wall interaction

Figure 4.29: Single droplet normal impingement test-case.

in Tab. 4.9.

It is possible to notice that for normal impingement the new model provides a stronger

std OpenFOAM® new - cold wall new - hot wall
Wenorm 600 600 600
α [◦] 90 90 90
Twall K 300 300 450
T ∗ 0.8 0.8 1.2
γ 0.22 0.13 0.13
U1

U0
0.57 0.28 0.28

β̄ [◦] 20.22 28.33 5.67
ψ1 [◦] 145 -132 -132
ψ2 [◦] 112 -60 -60
ψ3 [◦] [-] 66 66

Table 4.9: Normal impingement modeling comparison.

breakup, visible from the lower size ratio γ, which, coupled with the higher reduction

in the velocity magnitude, provokes a higher dissipation of the impinging droplet mo-

mentum. It is possible to notice that the trajectory of the secondary droplets ejected

from a hot wall thermal breakup is closer to the surface.

For the representation of the inclined impact on the surface, summarized in Tab. 4.10, a

droplet with normal We equal to 350 and an impingement angle α of 60◦ is simulated,

to point out the remaining features of the new model, which are the deviation angle

characterization and the introduction of the thermal threshold.
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4.4. Thermal behavior of the impingement

The cold-dry wall behavior is not included in Tab. 4.10 since the impinging droplet de-

std OpenFOAM® new - hot wall
Wenorm 350 350
α [◦] 60 60
Twall K 300 450
T ∗ 0.8 1.2
γ 0.39 0.109
U1

U0
0.87 0.52

β̄ [◦] 20.22 11.81
ψ1 [◦] 145 -44
ψ2 [◦] 112 -15
ψ3 [◦] [-] 32

Table 4.10: Inclined impingement modeling comparison.

posits on the wall according to the newly implemented regime identification. From the

reported data it is possible to appreciate the more dissipative impact which generates a

stronger atomization. The trajectories of the secondary droplets exiting the impact are

concentrated in the leeward direction, included in a [−45,+45] ◦ range, which is more

representative of the physical behavior of an inclined impact.

4.4 Thermal behavior of the impingement

The consistent spray fluxes impinging on the bottom surface of the system measured

and simulated in the previous sections are source of wall cooling and the decrease in

the temperature of a solid surface represents the trigger for the formation of liquid film

and possible derived solid urea by-products deposits [27].

Heat transfer caused by spray impingement is significant in many fields of applica-

tion [4, 54, 102]. Thermo-graphic measurements of the wall cooling derived by a low a

pressure-driven spray [43] have shown heat flux peaks up to 10 MW/m2, highlighting

the paramount importance of the correct characterization of this phenomenon in the

system overall energy balance. From the modeling side, the work by [12] proposed a

thermal modeling of the impingement coupled with the already implemented kinematic

interaction model which produced good results in the validation on solid temperature

transient experimental data. For this reason the same approach is implemented in the

OpenFOAM® platform within the framework described above. According to [107] the

direct heat transfer between spray and wall is well described with the assumption of
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Chapter 4. Characterization of the spray-wall interaction

contact between two semi-infinite bodies, represented by the droplet and the wall. This

approach introduces the dependence of the energy balance on the respective thermal ef-

fusivities (4.24), where ρ is the density, λ the thermal conductivity and cp,i the specific

heat4.

bi =
√
ρi λi cp,i (4.24)

The formulation of the exchanged energy is dependent on the contact time tcon and the

contact area Acon, and is a function of the temperature difference between the wall and

the drop, as reported in (4.25).

Q = Acon
2
√
tcon√
π

bw b

bw + b
(Tw − T ) (4.25)

The contact time is a function of the impinging droplet properties and depends on the

kinematic parameter K (Tab. 4.1) and the switch between the two formulations re-

ported in (4.26) corresponds to the upper limiting value of the conservative hot wall

interaction as reported in (4.5). The first case almost corresponds to the hot rebound

interaction and the second one to the thermal breakup.

tcon =


π
4

√
ρ d3

σ
, K 6 40√

π
2

(
ρ d5

σ U2

)0.25

, K > 40.

(4.26)

The contact area is defined as a function of the We, according to the maximum diame-

ter expansion provided in [1] and shown in (4.27). The contact drop size evolution law

is assumed to linearly increase up to the maximum value dcon,max in correspondence to

half of the tcon.

dcon,max = d 0.61We0.38 (4.27)

The temperature of the liquid droplet on a hot surface can largely raise, therefore the

properties of the droplets are update every simulation time step, taking care of the two-

way coupling with the gaseous phase.

4The subscript w is used to refer to the wall properties. The liquid drop characteristics are reported without any subscript
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4.4. Thermal behavior of the impingement

Multi-region solver

The interaction between spray and wall needs the transient description of the solid

phase, which is realized extending the boundaries of the system including the walls in

the simulation.

The solid energy conservation equation, which is only diffusive, is discretized accord-

ing to the finite volume approach, constraining a direct face-to-face coupling with the

grid defined for the gaseous environment. The solution of the two phases is carried

out in a segregated way, thermally connecting the boundaries with a Conjugate Heat

Transfer (CHT) approach. The overall energy balance and the temperature continuity

assumption are handled matching the temperature of the two phases at the interfaces

(4.28), and equalize the exchanged heat fluxes (4.29).

Ti,fluid = Ti,solid (4.28)

q
′′

i,fluid = q
′′

i,solid (4.29)

The heat exchanged within the spray-wall interaction is determined by (4.25) and ap-

plied to the liquid phase as a source term in the energy balance of the droplet, and to the

solid phase as a volumetric source term for the boundary cell covering the impingement

location.

Assessment of the model behavior

A simplified test case is built on the basis of Fig. 4.29, involving a constant size (d =

50 µm) droplet chain impinging the wall with a angle of 45◦. The Lagrangian phase

is introduced with a point injector, set 15 mm above the impingement surface, which

elaborates 0.5 kg/h of distilled water assigning constant velocity to the droplets, equal

to 20 m/s. A detailed description is provided in [59]. The solid wall is represented

as a 1 mm thick foil discretized into four uniform thickness cells. The frontal surface

of a computational face defines a 1 mm2 area. Its thermophysical properties are kept

constant. The system is initialized in thermal equilibrium at atmospheric pressure and T

equal to 300◦ C. The setup of the test case generates a stream of dropltes that impinges

always the same wall computational face, bringing to the extreme level the wall cooling
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Chapter 4. Characterization of the spray-wall interaction

effect and pointing out the numerical behavior of the system.

Application of the Conjugate Heat Transfer The effect of the gas-wall CHT on the overall

energy balance is investigated comparing the fully coupled system with an artificial

simulation, in which the solid surface is kept adiabatic to the gaseous field, experiencing

only the drop impingement source. Fig. 4.30 reports the temperature profile along the

solid foil thickness when the surface reaches the critical temperature level T ∗ = 1.1.

The label 0 refers to the impact location, and + 1 mm to the neighbor cells, not directly

affected by the interaction with the spray. The CHT has a negligible influence on the

heat flux and on the surface temperature. Moreover the lateral thermal conduction

has a very restrained influence on the solid behavior highlighting that the time scale

of the spray cooling is much shorter than the other thermal phenomena. This results

Figure 4.30: Solid temperature profile at the onset of the liquid deposition.

emphasizes the importance of a correct prediction of the impingement location in the

design of an urea based SCR system.

Grid refinement effect The solid mesh is refined to estimate the effect of the thermal

numerical inertia of the interaction between the Lagrangian spray and the Eulerian wall

mesh. A refinement of the grid along the thickness direction, labeled fine thickness,

generates layers of cells with uniform size equal to 0.125 mm. The grid tightening on

the surface, fine surface, generates cells with 0.250 mm2 area. The refinements are

then coupled into the fine mesh test case.

116



i
i

“lorenzo-thesis” — 2017/10/4 — 15:39 — page 117 — #147 i
i

i
i

i
i

4.4. Thermal behavior of the impingement

This process aims to estimate the different influence of the lateral conduction and of

the normal temperature gradient effect on the thermal behavior of the solid surface.

Fig. 4.31-a reports the effect of the grid refinement on the temporal evolution of the

(a) (b)

Figure 4.31: Time evolution of the solid surface temperature (a) and temperature profile along the
thickness of the solid foil (b).

thermal profile at the location of the impingement. The paramount heat source provided

by the spray cooling implies that the volume of the solid cell is the only important pa-

rameter in the representation of the spray-wall interaction and determines the transient

length to the thermal wetting threshold. The same consideration is drawn from Fig.

4.31-b which reports the influence of the mesh refinement on the temperature gradient

along the solid foil thickness, showing that both the lateral conduction and the axial

conductive heat fluxes are of negligible influence during the liquid impact on the wall.

The measurements and simulations of the spray reported in Sec. 4.1 show that the nor-

mal component of the kinematic parameter in the core of the spray is higher than the

critical thermal break-up threshold defined by the implemented model ((4.4), Fig. 4.21-

b). Since a destructive impact generates droplets with sizes and velocities considerably

smaller than the primary ones (Figs. 4.24-a, 4.26-a), the addition of the kinematic

modeling of the spray-wall interaction introduces a strong modification in the spray

evolution in the pre-catalytic region.

The computed liquid mass footprints (Figs. 4.19, 4.18), in good agreement with the

experimental results, show that the impingement is concentrated in the neighborhood

117



i
i

“lorenzo-thesis” — 2017/10/4 — 15:39 — page 118 — #148 i
i

i
i

i
i

Chapter 4. Characterization of the spray-wall interaction

of the spray cone projection and represents a fundamental contribution in the system

energy balance, which need to include the solid wall thermal transients.
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CHAPTER5
SCR spray heat-transfer

The measurement of the full spray-wall thermal interaction transients has been carried

out on the three hole nozzle (3H) reporting wall temperature maps and extracting the

heat flux values for a single injection pulse (60 ms) of distilled water [43, 45]. No data

is available for the 6 hole nozzle (6H) representing the core of the simulation campaign,

whose behavior is extensively analyzed through the models implemented in the code

and coupled with the kinematic characterization of the low-pressure driven spray in

cross-flow conditions.

5.1 Experimental results

A stainless steel (type 304) plate with a thickness of 0.3 mm is inserted 14 mm above

the bottom surface of the injection chamber, as sketched in Fig. 5.1. The chamber

is equipped with a high transmissivity bottom optical access, to allow thermographic

measurements on the rear surface of the plate, which is not wet and maintains a constant
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Chapter 5. SCR spray heat-transfer

Figure 5.1: Illustration of the experimental setup for the heat transfer evaluation [45].

emissivity. The infrared camera is a Cedip Jade III, with a 50 mm lens. The radiation

detector is an InSb quantum detector that is sensitive in the 3.6-5.1 µm wavelength

range and is cooled by a Stirling engine to 77 K. 150 frames per second are taken at

a resolution of 320 × 240 pixels at 0.245mm/pixel, allowing the visualization of the

whole injector footprint [45]. The measurements are taken on the 3H injector in cross-

flow, keeping the gas temperature constant at 300◦ C and increasing the mass flow rate

ṁgas from 100 kg/h to 300 kg
h

.

The calculation of the spray cooling heat flux is realized solving the inverse heat con-

duction problem with a finite element scheme, assuming 1D heat transfer through the

thickness according to [5,23] and to the estimation obtained in Section 4.4 from Chap-

ter 4 for a single droplet impact. The measured rear surface temperature profile is re-

ported on the left column in Fig. 5.2, beside the estimated front wall thermal footprint

(center) and the calculated heat flux at the front surface (right column) for the spray

impingement with gas flow at Tgas =300◦ C and ṁgas =200 kg/h. The clear separation

of the three spray cones is evident from the temperature profiles, in accordance with

the patternator measurements, showing that the spray mass flux strongly influences the

cooling heat flux. Moreover, the temperature drop is substantial for each spray jet and

there is a time shift in the profiles due to the different traveling distance from the injec-

122



i
i

“lorenzo-thesis” — 2017/10/4 — 15:39 — page 123 — #153 i
i

i
i

i
i

5.1. Experimental results

Figure 5.2: Spatial distribution of the plate rear surface measured temperature (a), front surface calcu-
lated temperature (b) and of the calculated front surface heat flux (c) [45]. The injector is operated
with a DOI of 60 ms.

tor nozzle to the surface. In the lowest cross-flow loads, corresponding to the minimum

entrainment of liquid in the air, the local heat flux magnitude can reach 10 MW/m2.

The lowest temperature of the three footprints are quite similar, showing that there is a

limit to which extent the plate can be cooled by the spray and this limit is independent

from the local mass flux. A time lag between the front and the rear surface temperature

profiles is visible from the thermal sampling on the centerline of the most downstream

cone as shown in Fig. 5.3 that contributes to highlight the negligible magnitude of the

lateral conduction in the plate, visible in the conservation of the profile after the end of

the injection (t > 68ms). The temporal variation of the plate front surface temperature,

averaged on a 2.7 mm circular area around the Tmin peak and reported in Fig. 5.4-a,

shows that the spray cooling effect decreases with increasing gas flow rate. The maxi-

mum heat flux over the same sampling area amounts up to 4.5 MW/m2 at Tgas = 300◦

and ṁgas =100 kg/h and 3.0 MW/m2 at Tgas = 300◦ and ṁgas =300 kg/h, and is
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Chapter 5. SCR spray heat-transfer

Figure 5.3: Plate surface temperature profiles along the centerline of the front cone footprint: front
surface (left)) and rear surface (right). DOI=60 ms, Tgas =300◦ C and ṁgas =200 kg/h [45]

reached earlier in the case of lower flow rate, as in Fig.5.4-b.

(a) (b)

Figure 5.4: Temporal evolution of the coldest spot in the front cone footprint: front surface temperature
(a) and front surface heat flux (b). DOI=60 ms, and sampling circular area corresponding to r=2.7
mm [45].

5.2 Simulation results

The main simulation campaign as in Chapter 3 refers to the representation of the six

hole injector 6H, which numerical behavior has been validated on the PDA measure-

ment in cross flow at low and high load conditions, labeled as t200f100 and t400f400

124



i
i

“lorenzo-thesis” — 2017/10/4 — 15:39 — page 125 — #155 i
i

i
i

i
i

5.2. Simulation results

to recall the temperature t [◦ C] and the flow f [kg/h] values.

Although the results are not directly comparable to the experimental data, the measured

qualitative behavior and magnitude of the phenomena under investigation are used as a

reference for the understanding of the simulation reliability.

Mesh and Eulerian phase definitions

The grid is built on the basis of the simplified geometry proposed in Section 3.2.3 to

represent the injection chamber. A 0.3 mm thick plate generated 14 mm above the bot-

tom surface and isolated from the gaseous domain is discretized with 8 uniform cell

layers along its thickness. The plate covers the whole transversal section, splitting the

cross flow in two separate regions, respectively considered the main (top) and the by-

pass (bottom). The longitudinal extension of the solid mesh, [−39 , +205] mm from

the nozzle location, is included in the gaseous domain, to correctly represent the flow

split in different operating conditions. As shown in Fig. 5.5, a progressive refinement

of the gaseous phase grid is generated both to better describe the split and rejoining of

the flow at the plate edges and to reduce the aspect ratio between the cells of the two

phases.

As for the kinematic characterization of the spray, the domain is halved along the

Figure 5.5: Computational grid of the injection chamber equipped with the suspended plate.

vertical plane built on the channel axis and a reflecting-symmetry boundary condition

is applied to the obtained surface. A detailed mesh description is reported in Appendix

B. The gas phase is defined as dry air according to Appendix A. The solid phase ther-

mophysical properties are constant and reproduce the stainless steel type 304 [10] as

reported in Tab. 5.1.
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Chapter 5. SCR spray heat-transfer

ρsolid kg/m3 8055
cp,solid J/kg K 480
λsolid W/m K 15.1

Table 5.1: Summary of the solid phase thermophysical property values.

Initial and Boundary conditions The initial condition of the gas phase is generated ac-

cording to the method resumed in Section 3.2.3 on the new grid: a periodic cylindrical

mesh is used to generate a fully developed inlet flow profile, which is used to calcu-

late the steady state condition in the mesh. The solid phase is initialized at constant

pressure and temperature, which are in equilibrium with the gaseous phase. Conjugate

Heat Transfer (CHT) boundary conditions (Section 4.4) are applied at all the interfaces

between the phases to ensure the temperature and heat flux continuities and to simulate

the heat flux provided by the gas by-pass to the rear surface of the plate. The multi-

region solver described in Section 4.4 handles the solution of the gaseous and the solid

transients, coupling them through boundary conditions. The full setup of is reported in

Tab. 5.2

Gas Phase
external walls interface walls inlet outlet symmetry plane

Ugas No slip No slip Ugas=Ugas,developed ∂U/∂n=0 reflect-symm
Pgas ∂P/∂n=0 ∂P/∂n=0 ∂P/∂n=0 wave-trans [69] reflect-symm
Tgas ∂Tgas/∂n=0 CHT Tgas=Tgas,0 ∂Tgas/∂n=0 reflect-symm
Yi,gas ∂Yi/∂n=0 ∂Yi/∂n=0 Yi,gas=Yi,gas,0 ∂Yi/∂n=0 reflect-symm
k scalable (all y+) scalable (all y+) k=kdeveloped ∂k/∂n=0 reflect-symm
ε scalable (all y+) scalable (all y+) ε=εdeveloped ∂ε/∂n=0 reflect-symm
Solid Phase

external walls interface walls
Tsolid ∂Tsolid/∂n=0 CHT - ∂Tsolid,i/∂ni=∂Tgas,i/∂ni and Tsolid,i=Tgas,i

Table 5.2: CFD boundary condition summary.

Water spray simulation

The simulation of the liquid injection retraces the Section 3.2.3 but the spray-wall inter-

action that includes both the kinematic and the thermal modeling introduced in Section

4.3. Distilled water is taken as the reference fluid for the characterization of the phe-

nomena. The duration of the injection (DOI) is set to 100 ms to assess a wide range

of impinging conditions and to analyze a significant thermal transient of the wall. The

presence of the plate acts as an obstacle for the flow, modifying its development and
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5.2. Simulation results

the consequent interaction with the spray, changing the location of the impingement.

Moreover the modeling of the impingement introduces new source terms in the spray,

which affects the gas through the two way coupling. The change in the gaseous field

is visible in Fig.5.6, where the stream-lines of the flow are reported in two sections,

corresponding respectively to the spray core path (left column) to the wall and to the

spray wake development region (right column), as sketched in Fig.5.6-a.

(a)

(b) (c)

(d) (e)

Figure 5.6: 6H - water injection - t200f100 - left column:core section, right column:wake section.
Comparison between the gaseous flow stream-lines in the standard channel configuration (b-c) and
the plate insertion (d-e).
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Chapter 5. SCR spray heat-transfer

In low load conditions (t200f100) the presence of the plate confines the vortex gen-

erated by the spray in a smaller section, extending its influence to a larger part of the

spray path, especially in the wake region. At high load (t400f400) the flow field is

only slightly affected by the injected liquid momentum. The increase in the velocity

magnitude due to the presence of the plate is not relevant for the injection section as

reported in Fig 5.7.

(a) (b)

(c) (d)

Figure 5.7: 6H - water injection - t400f400 - left column:core section, right column:wake section.
Comparison between the gaseous flow stream-lines in the standard channel configuration (b-c) and
the plate insertion (d-e).

The variation of the system geometry and its influence on the flow field development

are not strong enough to provoke a relevant change in the behavior of the spray path

to the wall. Fig. 5.8 shows that the introduction of the plate in the system does not

affect the primary droplets kinematic properties, which are still compatible with the

PDA experimental data.
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5.2. Simulation results

(a) (b)

(c) (d)

(e) (f)

Figure 5.8: 6H - water injection - Spray average kinematic parameter profiles. Left: low load
(t200f100): d10 (a), U (c) and V (e). Right: high load (t400f400): d10 (b), U (d) and V (f). The
red lines refer to the complete spray-wall treatment on the suspended plate CHT , compared with the
standard channel std configuration.
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Chapter 5. SCR spray heat-transfer

These results are confirmed by the very similar spray patterns in the core section

reported in Fig. 5.9 for low and high load conditions.

(a) (b)

(c) (d)

Figure 5.9: 6H - water injection - Spray development in the core section. left column: std chan-
nel, t200f100 (a) and t400f400 (c). right column: channel with suspended plate, t200f100 (b), and
t400f400 (d).

The interaction with the solid plate, generates a strong modification of the wake (Fig.

5.10), which is constituted of parcels with a small characteristic diameter generated by

the impact. Their initial trajectory is close to the plate front surface but is deviated from

the gaseous vortex in the farthest wake. These phenomena are clearer for the t200f100

case, since the gas flow entrainment is reduced and the liquid injection has a stronger

impact of the overall fluid-dynamic behavior of the system.
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5.2. Simulation results

(a) (b)

(c) (d)

Figure 5.10: 6H - water injection - Spray development in the wake section. left column: std chan-
nel, t200f100 (a) and t400f400 (c). right column: channel with suspended plate, t200f100 (b), and
t400f400 (d).

Thermal transients

As stated in the previous chapter with the single droplet impingement test, the spray

impact on the plate front surface represents the paramount source term in its energy

balance. Since the focus is put on the assessment of critical wall cooling, always dry-

wall impact conditions are taken into account in this section, avoiding the simulation of

the wall film formation. The impingement model identifies the four dry wall regimes,

deposition, hot rebound, cold splash and thermal break − up, always taking into

account the heat directly exchanged by the spray and the solid phase. If a partial or
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Chapter 5. SCR spray heat-transfer

complete deposition on cold surfaces is identified for a parcel, the fraction of the mass

is artificially removed from the system after completing the thermal interaction. Since

the characteristic heat transfer and phase change times are much longer than the average

droplet ones, this approach is chosen in accordance with the always-dry impact to avoid

an overestimation of the cooling effect of the spray on the wall.

The spray core conservation in cross flow conditions is clear in the temperature profile

on the centerline channel, shown in Fig. 5.11, where the strongest temperature drop is

confined where the larger drops impact on the surface.

(a)

(b)

Figure 5.11: 6H - water injection - Plate front surface temperature profile on the centerline of the system.
t200f100 (a) and t400f400 (b).
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5.2. Simulation results

The reference system origin, x = 0 mm is set at the intersection between the noz-

zle geometrical axis and the front surface of the plate. Fig. 5.12 shows the temporal

evolution of the front surface temperature in its coldest spot, represented by a 1 mm2

face, situated 3.1 mm and 21.2 mm downstream of the projected nozzle axis location,

respectively for the t200f100 and t400f400 conditions.

The plate temperature planar distribution at t200f100 reported in the left column of in

Fig. 5.13 is compared with the mass distribution collected 4 mm from the impingement

surface in a simulation without the presence of the solid plate to provide information

only on the spray primary flux to the wall.

The thermal footprint reports the same peak but is affected by the impacts of the

droplets ejecting from the primary impingement, which involve a portion of the sur-

face not yet cooled by the spray core.

Figure 5.12: 6H - water injection - Coldest spot surface temperature evolution.

At t400t400 the mass and thermal footprints are shifted downstream and flattened

by the interaction with the stronger cross flow (Fig. 5.14). The magnitude of the tem-

perature is comparable since the higher wall temperature difference acts as a stronger

driving force for the conductive heat exchange defined by the formulation by [107]

shown in (4.25). In fact the temperature difference approaches the null values for a

single injection pulse of 100 ms at low load conditions.

133



i
i

“lorenzo-thesis” — 2017/10/4 — 15:39 — page 134 — #164 i
i

i
i

i
i

Chapter 5. SCR spray heat-transfer

Figure 5.13: 6H - water injection - low load conditions t200f100 - temporal evolution of the front
surface temperature pattern (left) and liquid mass distribution on a sampling surface set 4 mm above
the location of the plate, collecting only the primary spray.

Figure 5.14: 6H - water injection - high load conditions t400f400 - temporal evolution of the front
surface temperature pattern (left) and liquid mass distribution on a sampling surface set 4 mm above
the location of the plate, collecting only the primary spray.
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5.2. Simulation results

Fig. 5.15 proposes a comprehensive representation of the impact, where a normal-

ized kinematic parameter K/Kcrit defined for the ith impinging droplet as (5.1) repre-

sents the x-axis:

K/Kcrit =
Ki

Kcrit (drop, wall)
(5.1)

whereKi (see Tab. 4.1) is the kinematic parameter of the ith droplet andKcrit (drop, wall)

is its critical value according to the implemented model as a function of the droplet and

wall thermal and kinematic properties (see Section 4.3).

(a) (b)

(c) (d)

Figure 5.15: 6H - water injection - Exchanged energy: t200f100 (a-b), Qmax = 7.08e−03 J. t400f400
(c-d), Qmax = 1.37e−02 J.
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Chapter 5. SCR spray heat-transfer

In this way, a uniform representation of the destructive interaction threshold can be

obtained, characterizing in a clearer manner the properties of the impact. The scatter-

plot reports in red and blue the hot-wall and the cold-wall interactions, respectively.

The size of the dot is a linear function of the exchanged energy Q ([J ]) according to

(4.25). At low load conditions, a completely dry surface is estimated only for the first

10 ms after SOI, making the wall cooling very critical and a fast mixture preparation

impossible in the operation of this injector in a simple cross flow. The necessity of a

flow mixing generator is therefore obvious to introduce swirling flow and to produce a

more distributed impact on the surface.

(a)

(b)

Figure 5.16: 6H - water injection - Characteristics of the droplets with a temperature higher than 333
K. Drop size (a) and Temperature (b).
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5.2. Simulation results

At high load conditions, although strong cooling of the plate is provoked by a single

injection pulse, the onset of liquid film is not allowed yet, according to the implemented

model, which sets the critical surface wetting temperature equal to ≈ 410 K (1.1 times

the saturation temperature of the liquid mixture).

The exchanged energy is clearly dependent on the surface temperature, as it drops as

soon as colder faces are encountered by the impinging parcels, and on the kinematic in-

tensity of the impact, represented by the K/Kcrit parameter. Therefore, from the point

of view of the wall cooling, the higher momentum carried by the droplets, the more

critical the impingement.

On the other hand, the impact of the spray on the wall can be identified as the primary

source of droplet break-up in the operation of an SCR system. The parcels with tem-

perature higher than 60◦ C, visualized in Fig. 5.16, are confined to the near wall region,

and their characteristic diameter is very small in the wake of the impingement location.

Moreover they evaporate completely before the channel outlet till the end of the injec-

tion pulse, when the temperature of the wall is far below the initial one, showing that

the amplification of the interaction area between droplets and gas due to the break-up

is the most important feature in the phase change evolution.

Fig. 5.17 reports the exchanged energy of the impact from the spray side, specified on

the parcel mass. It is possible to notice that in the simulation, the energy exchanged by

smaller parcels is still lower than the primary and destructive impacts, but relevant for

the phase change and the gaseous mixture preparation. Fig. 5.18 shows the water mass

fraction at the plate front surface on the centerline of the system. The spray cone im-

pingement location, which is the source of the major break-up, is visible just in the low

load conditions (t200f100) at the first reported time, highlighting that the evaporation

is due mostly to the smaller droplets impacting the wall. Moreover, at higher load, the

small droplets do not reach the wall, and therefore the evaporation is only present in the

wake of the impact event.

The higher temperature of the plate and the surroundings provokes a local increment of

the evaporation, which is confined to the spray-wall interaction region, as shown in Fig.

5.19-b, where the water vapor mass flux distribution at the outlet is reported at 40 ms

after SOI. Fig. 5.19-a shows that, at low load conditions, the vortex generated by the
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Chapter 5. SCR spray heat-transfer

(a) (b)

(c) (d)

Figure 5.17: 6H - water injection - Specific exchanged energy: t200f100 (a-b), Qmax = 6.83e05 J/kg.
t400f400 (c-d), Qmax = 1.38e06 J/kg

impingement carries out the paramount fraction of the secondary droplets generated by

the impact, dislocating the region of major evaporation.

The test bench setup is not able to handle the injected mass and to provide the the

complete evaporation of the liquid in none of the reproduced operating conditions. The

system configuration involves a cylindrical channel generating an almost straight flow

field, which determines a too short path for the spray evolution and a strong localiza-

tion of the impingement primary surface, provoking not acceptable wall cooling. The

necessity of a larger impact map is clear also by the separation of the primary impacts

from the secondary ones provided in Fig. 5.20, which shows that the secondary droplet

kinematic parameters are close to zero, exchanging negligible energy with the wall.
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5.2. Simulation results

(a) (b)

Figure 5.18: 6H - water injection - Water mass fraction in the gaseous phase at the interface with the
plate front surface: t200f100 (a) and t400f400 (b).

(a) (b)

Figure 5.19: 6H - water injection - Water vapor mass flow rate [kg/m2 s] at the domain outlet: t200f100
(a), t400f400 (b).
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Chapter 5. SCR spray heat-transfer

(a) (b)

(c) (d)

Figure 5.20: 6H - water injection - Impact exchanged energy. t200f100: primary (a) and secondary (b)
droplets, Qmax = 7.08e−03 J. t400f400 primary (c) and secondary (d) droplets, Qmax = 1.37e−02 J.

The interaction is smaller, but not negligible in terms of specific energy, determin-

ing a continuous interaction with the wall, and an amplification of the heating effect

provided by the gas, as shown in Fig 5.21.

The number of secondary impingement events is an order of magnitude higher than the

primary ones, because of the flat trajectory generated by the impact. Within this config-

uration, the localization of the spray core footprints provides the necessary information

for the determination of the risk on onset of liquid wall film, but the characterization of

the evaporation is strictly dependent on the path of the secondary droplets. Fig. 5.22-a

reports the water mass flow rates for the gaseous and the liquid phases, showing that at

higher load conditions (labeled 44 and referring to t400f400) the flow momentum tends
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5.2. Simulation results

(a) (b)

(c) (d)

Figure 5.21: 6H - water injection - Specific exchanged energy: t200f100 primary (a) and secondary
droplets (b), Qmax = 6.83e05 J/kg. t400f400 primary (c) and secondary (d) droplets, Qmax =
1.38e06 J/kg

to level out the distribution of both the phases, obtaining low and constant uniformity

index UI, calculated for the outlet surface as (5.2).

UI = 1 −
∑

i|Yi,j − Ȳi|Aj
2
∑

j Yi,j Aj
(5.2)

where i refers to the ith and Aj to the area of the jth computation face. Fig. 5.22-b

reports the evolution of the UI for both the phases in the tested operating conditions,

showing unacceptable values also for at t200f100 where the vortex generated by the

spray impingement improves the spray mixing without reaching a satisfactory value.
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Chapter 5. SCR spray heat-transfer

(a)

(b)

Figure 5.22: 6H - water injection - Water mass flow rates (a) and their uniformity index on the system
outlet patch (b). blue for spray and red for vapor.

AdBlue® spray simulation

As mentioned in Chapter 3 the characterization of the UWS mixture involves a Rapid

Mixing model without considering the thermolysis and hydrolysis of the urea, giving

reliable results in the simulation of the spray behavior in cross-flow conditions.

As for the distilled water injection the presence of the solid plate in the channel only

slightly affects the behavior of the primary spray. The kinematic properties of the

simulated droplets are still compatible with the Phase Doppler Anemometry data, as

shown in Fig. 5.23.
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5.2. Simulation results

(a) (b)

(c) (d)

(e) (f)

Figure 5.23: 6H - UWS injection - Spray average kinematic parameter profiles. Left: low load
(t200f100): d10 (a), U (c) and V (e). Right: high load (t400f400): d10 (b), U (d) and V (f). The
red lines refer to the complete spray-wall treatment on the suspended plate CHT , compared with the
standard channel std configuration.
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Chapter 5. SCR spray heat-transfer

The qualitative spray pattern retraces the motion highlighted in Fig. 5.9 and 5.10

where the core of the spray remains intact till the impact on the wall, and the wake is

dragged by the near-wall gaseous motion.

The mixture composition does not considerably affects the thermal transient of the

solid surface, as reported in Fig 5.24. The temporal evolution of the coldest spots in the

(a) (b)

Figure 5.24: 6H - UWS injection - Plate front surface temperature profile on the centerline of the system.
t200f100 (a) and t400f400 (b).

spray thermal footprint is compatible with the distilled water ones, since the heat flux

formulation reflects the slight variation of the thermophysical properties of the imping-

ing spray. Also the temperature evolutions at the locations experiencing the highest

temperature drop, respectively 3.1 mm and 22.2 mm for t200f200 and t400f400, are

consistent with the distilled water injection ones, as shown in Fig. 5.25, remarking

that the urea presence in the liquid mixture is negligible in the characterization of the

thermo-kinematic behavior the primary and most critical impingement phenomenon.

The major difference in the spray-wall interaction is represented by the thermal thresh-

old determining the conditions for a possible wetting of the surfaces. In the definition

by [40], it involves a ratio between the temperature of the wall and the saturation tem-

perature of the mixture, and is therefore strictly dependent on the composition of the

injected liquid. The absence of urea thermolysis and hydrolisis description in the cur-

rent description generates an overestimation of the urea fraction in the droplets and a

consequent higher wetting threshold. The resulting impact maps, are reported in Fig.

5.26 at 40 ms after the SOI, showing the steady-state spray behavior on the surface.

The absolute and the specific (on the droplet mass) exchanged energy magnitudes are
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5.2. Simulation results

Figure 5.25: 6H - UWS injection - Coldest spot surface temperature evolution.

(a) (b)

Figure 5.26: 6H - UWS injection - Exchanged energy: t200f100 (a), Qmax = 7.87e−03 J. t400f400 (b),
Qmax = 1.22e−02 J.

comparable with the distilled water ones as shown in Fig. 5.27.

The paramount contribution to the spray cooling is represented by the spray core as

highlighted by the clear separation between the primary and secondary impact behav-

ior. Also for the UWS droplets, the impact on the walls represents the major break-up

source, as depicted in Fig. 5.28-a where the red spheres represent the droplets carry-

ing an urea mass fraction higher than 0.9 for the t400f400 conditions. Their size is

proportional to the characteristic parcel diameter, showing that the core of the spray

is too dense and cold to allow a notable water evaporation and the consequent ammo-

nia production. The impact-induced atomization acts on the paramount fraction of the
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Chapter 5. SCR spray heat-transfer

(a) (b)

Figure 5.27: 6H - UWS injection - Specific exchanged energy: t200f100 (a),Qmax = 6.80e05 J. t400f400
(b), Qmax = 1.23e06 J.

injected mass providing the prominent phase change source, as shown in Fig. 5.28-b.

The urea vapor is not physically consistent with the urea evaporation and reaction, but

is a tracker to determine the location of NH3 formation in a SCR system operation.

(a)

(b)

Figure 5.28: 6H - UWS injection - t400f400. Droplets with a Yurea > 0.9 (a) and gaseous urea mass
fraction (b) at 40 ms after SOI.
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5.2. Simulation results

This behavior is confirmed by the water and urea vapor mass flux patterns on the

outlet surface of the simulated domain, reported in Fig. 5.29.

(a) (b)

Figure 5.29: 6H - UWS injection - t200f100. Outlet mass flow pattern [kg/m2 s] for water (a) and urea
(b) at t = 40 ms after SOI.

(a) (b)

Figure 5.30: 6H - UWS injection - Water and urea vapor and liquid mass flows at the computation
domain outlet. t200f100 (a) t400f400 (b).

The importance of the droplet trajectory deflection is clearer at t200f100, where the

swirling motion generated by the spray momentum and the impingement allows the
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Chapter 5. SCR spray heat-transfer

evaporation of the water fraction and the beginning of the urea conversion within the

channel extension at low temperature.

The water evaporation acts as a delay for the generation of the the reacting mixture,

especially at low cross flow temperature, where a steep variation of the phase change

law has been measured by [103].

The water and urea vapor and liquid mass flow rates at the outlet are reported in Fig.

5.30 for both t200f100 and t400f400, where it is possible to appreciate that the injected

water is not completely evaporated, reinforcing the reliability of the proposed represen-

tation of the mixture in the system.

The simulation of the liquid injection shows negligible influence of the suspended plate

in the droplet kinematic characteristics along their path to the surface (Fig. 5.8). The

strong variation in the morphology at the end of the simulated domain (wake region in

Fig. 5.10) is therefore due to the direct interaction with the wall, which acts as break-up

and thermal energy source (Fig. 5.16) generating the most relevant water vapor stream

(Fig. 5.19).

The impingement on the system solid walls becomes an essential phenomenon in the

operation of a SCR system, and its optimization represents a key feature in the design

of the mixture dosing. In fact, as shown in Fig. 5.15, the destructive impacts gener-

ated by the largest and fastest droplets are responsible for the paramount fraction of

the exchanged energy with the solid wall. The source term is strong enough to allow

the wetting of the surface at low load conditions (t200f100, Fig. 5.15-b) during the

first injection event. This result is confirmed by the front surface temperature map (Fig.

5.13), which shows an evident concentration of the spray-derived cooling in the vicinity

of the injection axis, where both the maximum K number and the liquid mass loading

are predicted.

On the other hand, the secondary droplet further interactions with the walls are negli-

gible in the absolute energy balance of the solid wall (Fig. 5.20-b,d), but considerable

in their specific contribution to the spray heating and evaporation (Fig. 5.21).

In closing, the lack of evaporation of the liquid mixture in the analyzed domain high-
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5.2. Simulation results

lights the urea phase change delay due to the presence of the water fraction (Fig. 5.29).

In fact, the absolute contribution of the gaseous urea mass flow rate is negligible (Fig.

5.30), also due to the lack of characterization of the evaporation mechanisms, but is

concentrated in the spray wake generated by the interaction with the wall.
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CHAPTER6
Conclusion and Outlook

Pressure-driven injection in quiescent air

Two different injectors operating at the same pressure (9 bar) with water and AdBlue®

are experimentally characterized and numerically reproduced. Phase Doppler Anemom-

etry (PDA) represents the main tool for the estimation of the spray features and shows

that the six hole nozzle (6H) produces droplets with kinematic characteristics compati-

ble with the three inclined hole ones (3H).

Injecting distilled water and measuring the spray at 32 mm from the nozzle head, the

overall Sauter Mean Diameters (d32) are respectively 75.11 µm and 66.35 µm for 6H

and 3H, and represent wide drop size distributions ranging from 1 µm to 160 µm. The

spray core velocities are comparable, 27 m/s for 6H and 32 m/s for 3H, and both are

significantly lower than the Bernoulli limiting values.

The spray pattern is instead very different, reporting a strong cone to cone interaction

for 6H that produces a resulting single full cone, and three very dense and separated
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Chapter 6. Conclusion and Outlook

streams for 3H, as highlighted through lateral Shadow Imaging (SI).

The influence of the urea fraction in the liquid mixture is tested for 6H, which shows

negligible variation in its operation.

The PDA data are used for the initialization of a numerical model for low pressure-

driven injectors to be included in the Lagrangian description of the dispersed phase

interaction with an Eulerian finite volume description of the surrounding environment.

The Discrete Droplet Model (DDM) coupled with a Reynolds Averaged (RANS) treat-

ment of the gas transport equations is chosen, employing the standard k − ε model to

describe the turbulence.

The direct assignment of a drop-size distribution is chosen to initialize the computa-

tional parcels properties, since the droplets Weber numbers (We) are lower than the

threshold for a significant break-up of the liquid jets. A fit of the spatially distributed

data is operated on a Rosin Rammler probability function, weighting the local proper-

ties of the droplets on the PDA acquisition data rate and obtaining similar values for

the two injectors.

The initialization of the computational parcels mass represents a key point for the reli-

able description of wide size distributions, and a new approach is proposed: a constant

number of droplets is given to each parcel instead of a constant mass, producing a bet-

ter simulation of the overall spray behavior, avoiding the overestimation of the small

droplet influence on the spray pattern and on its interaction with the gaseous environ-

ment.

The obtained setup of the injection model shows good agreement with the experimental

data in terms of local and global droplet size and velocity distributions.

Pressure-driven injection in cross-flow

The PDA campaign is extended and coupled with previous experimental data to provide

the characterization of the spray behavior in an engine-less test rig reproducing a Diesel

engine exhaust after-treatment channel, over a wide range of thermal and gas flow rate

conditions. The six hole injector is traversed on its centerline at 60 mm from the nozzle

head at low load conditions, Tgas = 200◦C and ṁgas = 100 kg/h, and high load
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conditions, Tgas = 400◦C and ṁgas = 400 kg/h. The increase of momentum and

temperature of the gas generates a strong entrainment of the smaller droplets (less than

40 µm), which alters the full cone shape maintained at low load conditions.

A single spray cone produced by the three hole injector is sampled on its center-

line at 79 mm from the nozzle head at low and intermediate, Tgas = 300◦C and

ṁgas = 200 kg/h, conditions showing a less evident influence of the cross flow on the

average kinematic properties of the droplets. In fact the larger droplets carry a consid-

erable fraction of their initial momentum, reaching the sampling plane with an angle

comparable with the injection one.

The effect of the urea presence for 6H is negligible, confirming previous shadow imag-

ing data, and underlining that a large fraction of the liquid mass reaches the sampling

plane, without being affected by the cross flow temperature and momentum, and retain-

ing a relevant part of the water fraction.

A simplified computational domain is generated to simulate the square section of the

injection chamber, applying the injection models defined in quiescent air to the cross-

flow interaction. The proposed setup, coupled with standard Lagrangian spray submod-

els provides a reliable representation of the spray over the tested conditions. The parcel

definition approach provides a better estimation of the droplet size trends, especially

at low load conditions, where a wrong representation of the overall size distribution

strongly affects also the gaseous phase through the two-way coupling.

Although no urea thermolysis and hydrolisis are introduced in the simulation, reducing

the reactivity and phase change of the mixture, the numerical representation of the pri-

mary liquid stream is acceptable, confirming that a great fraction of water, inhibiting

the conversion of urea, is present in the dense spray core up to high load flow conditions.

Spray-wall interaction

The spray-wall interaction is found to be a fundamental phenomenon to correctly de-

scribe the behavior of low pressure-driven injection in a confined environment.

The validated simulation of the spray allows the estimation of the kinematic properties

of the impinging spray, well represented by the kinematic parameter K. The core of
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Chapter 6. Conclusion and Outlook

the sprays report high values (up to 200) corresponding to strong destructive impacts,

which need to be correctly included in the numerical modeling of the system.

Moreover the CFD simulation represents a powerful tool to assess the applicability of a

mechanical patternator, built to measure the planar liquid mass distribution in the near

wall region. The intrusiveness of the instrument on the flow field development and its

interaction with a low pressure-driven spray is estimated, showing less than 10 % vari-

ation of gas flow profile and never more than 15 % variation in the planar distribution

of the spray mass at the sampling location.

The spray model is then tested on the 3H front cone planar mass distribution collected

79 mm from the nozzle head with the patternator. The model predicts a slight stronger

shift of the cone location, but shows that the chosen approach for the definition of the

computational parcel properties strongly improves the quality of the simulation.

A detailed literature model is added to the CFD library to handle the spray wall inter-

action, introducing a thermal threshold in the definition of the impingement regimes

and improving the characterization of the secondary droplet evolution. The addition of

the spray-wall heat transfer description provides the extension of the simulation to the

system wall thermal transients, and the introduction of a criterion to assess of the risk

of onset of liquid films.

The model behavior is tested on literature data and applied to a single droplet impinge-

ment test case, showing that the direct interaction between spray and the wall is the

paramount source term in the overall energy balance.

SCR system behavior

A single spray pulse is simulated to characterize an injection transient. The focus is

put on the 6H, injecting both distilled water and AdBlue® and introducing a suspended

thin stainless steel plate, 14 mm from the bottom plane of the channel, to replicate the

thermographic measurements in the test bench, and to reduce the characteristic thermal

time of the solid wall. A consistent temperature drop, up to ≈ 150◦C, is experienced

by the plate front surface in correspondence of the spray core impingement locations in

both the low and high load conditions.
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A synthetic representation of the impingement is provided through a re-elaborated im-

pact map, which is based on the a kinematic parameter ratio, K/Kcrit and a wetting

thermal threshold. It shows that for the tested spray, most of the primary interaction are

destructive and represent the strongest break-up source in the system, enhancing the

liquid-gas exchange surface and promoting the evaporation of the liquid mixture.

Moreover, the secondary droplets, ejected from the impingement, present a small diam-

eter, less than 20 µm, and continue their path to the domain outlet staying close to the

solid surface, experiencing a frequent thermal interaction with the wall and spreading

the spray cooling effect on a wider area.

On the other hand, a single injection pulse generates the conditions for the onset of

liquid deposition, which is not recoverable just with the contribution of the convective

heat transfer provided by the gas.

The Urea Water Solution (UWS) behavior is compatible with the distilled water in

terms of exchanged heat and kinematic behavior of the spray. The major difference is

represented by the increment of the saturation temperature of the mixture, which shifts

the wetting threshold towards higher values, highlighting the necessity of an optimal

liquid dosing strategy.

A main results of the present thesis is the detailed description of an impingement tran-

sient from the point of view of both the spray and the wall. The identification of the

spray core location and mass flux is found to be the most relevant parameter to be con-

trolled to improve the system operation. The onset of the liquid film is strictly located

in the primary impingement region, and the evaporation of the liquid is strongly depen-

dent on the impact-induced break-up, which is necessary to reach a uniform reacting

distribution at the catalyst inlet. This work also provides a validated kinematic and ther-

mal representation of the spray behavior in cross-flow conditions, defining the basis for

the introduction of a detailed characterization of the urea thermo-chemical behavior

over a wide range of operating conditions.
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APPENDIXA
Thermophysical properties of fluids

Experimental campaign

The properties of liquid water in the experimental campaign are based on tabulated data collected by [10]. Linear

interpolation has been used to calculate the values corresponding to temperatures included in the reported range.

Temperature T K 273.15 285 290 295

Density ρ kg/m3 1000 1000 999 998

Viscosity µ 10−6Ns/m2 1750 1225 1080 959

Surface tension σ 10−3N/m 75.5 74.3 73.7 72.7

Specific heat cp kJ/kgK 4.217 4.189 4.184 4.181

Table A.1: Thermophysical properties of liquid distilled water.
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Appendix A. Thermophysical properties of fluids

According to [83] the reference values for AdBlue® are extracted from [108] and [17] and reported in Tab. A.2

Temperature T K 298.15 308.15 313.15 318.15 323.15 328.15

Viscosity µ 10−6Ns/m2 1400 1050 950 875 805 740

Density ρ kg/m3 1100.01-0.428345·T -1.62819·10−3·T 2

Surface tension σ 10−3N/m as for water, Tab. A.1

Specific heat cp kJ/kgK 8·10−3·T 2+2.7·T+3434.5

Table A.2: Thermophysical properties of AdBlue®.

Numerical simulation

The gaseous phase thermophysical properties are calculated according to different approaches, which are available

for the open-source finite volume CFD platform OpenFOAM®. This section provides a short description of the

models employed in every simulation.

The dynamic viscosity of a gaseous component is calculated as a function of temperature according to the Sutherland

model (A.1)

µ =
As
√
T

1 + Ts/T
(A.1)

where As and Ts are the Sutherland coefficient and temperature.

The thermodynamic models used to evaluate the specific heat cp and the derived properties are functions of

temperature through a set of coefficients based on the JANAF tables of thermodynamics in the version provided

by [32]. Two sets of coefficients are specified, the first one is valid for temperatures above a common temperature Tc

and the second set elsewhere. The values are bounded by a minimum and a maximum temperature. The coefficients

ai defining the dependence of cp from the temperature are reported in (A.2) and are integrated by two constants, a5

and a6 used to evaluate h and s respectively.

pi = R ((((a4T + a3)T + a2)T + a1)T + a0) (A.2)

Perfect gas model (A.3) is used as equation of state.

ρ =
1

RT p (A.3)

Ideal mixture of perfect gases is used to describe the composition of the gaseous phase.

The liquid phase is described assuming ideal mixture behavior and Rapid Mixing approach [26, 82]. The ther-
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mophysical properties of the pure components are described according to the NSRDS tables [22]. A new set of

function is implemented to describe the liquid Urea. The function proposed by [13] is implemented to describe the

vapor pressure (A.4) as a function of the liquid temperature.

pv (T ) = exp 12.06− 3992/T (A.4)

Urea density ρ, latent heat of evaporation hl, specific heat cp, dynamic viscosity µ and thermal conductivity k are

described according to the formulation and the tabulated data by [109].
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APPENDIXB
CFD details and setup

Injection in quiescent air

The simulation of the injection through 6H and 3H is realized on the same computational domain, shown in Fig.

B.1.

Figure B.1: Numerical simulation system bounding box.

Mesh characteristics The box is discretized with hexahedral cells with increasing refinement.
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Appendix B. CFD details and setup

coarse test case The basis, named coarse test case involves 9920 cubic cells, with a constant cell size of 2mm.

The symmetry plane face surface is reported in Fig. B.2.

Figure B.2: coarse mesh.

mid test case One cubic refinement level is applied to the entire domain to generate the mid test case, which

involves 78080 cells with a constant cell size 1 mm, as shown in Fig. B.3.

Figure B.3: mid mesh.

fine test case A further cubic refinement level is applied to the spray path region within a hexagonal base cone,

with a 44◦ aperture. The mesh is defined by 135142 hexahedra and 2025 polyhedra to join the cells with different

refinement level. The spray zone cells have a cell size of 0.5 mm, as shown in Fig. B.4. The refinement region

includes the whole 6H and 3H sprays.

Figure B.4: fine mesh.
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The larger mesh used to evaluate the effect of the wave-transmissive boundary conditions in Sec. 3.1.3 is based

on the coarse test case, extending the domain boundaries (Fig. B.5-a) with 4 mm size cubic cells. The resulting

grid is identical to Fig. B.2 in the spray sampling region, and involves a total count of 464850 hexahedra and 3900

polyhedra cells, as shown in Fig. B.5-b.

(a) (b)

Figure B.5: Large mesh test case.

Injector modeling The proposed injection strategy, shared among the three measured injection configurations:

6H-water, 6H-adblue and 3H-water is reported in Tab. B.1.

Injector type Cone Nozzle injector

Diameter specification Direct assignment (ddrop Rosin-Rammler pdf )

Parcel velocity Uniform direct assignment

Parcel discretization Constant number of droplet per parcel

Injection law Constant profile

Collision model none

Heat transfer model Ranz Marshall [70]

Mass transfer model Boiling corrected evaporation

Breakup model Reitz Diwakar [73]

Table B.1: Injection and spray submodel summary.

The injector specification defined by a conical nozzle geometry involves the assignment of a drop size probability

function based on the Rosin-Rammler formulation, of a drop velocity and a direction based on a spray cone angle β

and a jet deviation angle γ. Tab. B.2 reports the resulting parameters for the single cone of each injector.
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Appendix B. CFD details and setup

6H-water 6H-AdBlue® 3H-water

RR - scale parameter δ [µm] 42.11 41.45 38.90

RR - shape parameter n [−] 1.406 1.605 1.578

Cone opening angle β [◦] 36 36 9

Cone deviation angle γ [◦] 0 0 11

Parcel velocity [m/s] 27.4 27.4 32.0

Parcels per second [1/s] 2.4 106 2.4 106 2.2 106

Droplets per parcel [−] 2.93 3.8 5.61

Table B.2: Single hole injector model definition.

The symmetry plane crosses 2 injector holes, halving the mass injected. The parcels hitting the symmetry plane

surface, are reflected flipping the normal direction of the trajectory.

Spray in cross-flow

Channel geometry summary Tab. B.3 reports the relation between the traverse location and its horizontal

distance from the nozzle location for the characterization of 6H through Phase Doppler anemometry described in

Sec. 3.2. The sampling plane is set 60 mm below the the injector location.

Tab. B.4 summarizes the relative and absolute traverse location in the Phase Doppler Anemometry campaign of

traverse x distance
[#] [mm] [mm]
0 -20.0 30.35
1 -15.0 35.35
2 -10.0 40.35
3 -5.0 45.35
4 0.0 50.35
5 5.0 55.35
6 10.0 60.35
7 15.0 65.35
8 20.0 70.35
9 25.0 75.35

10 30.0 80.35
11 35.0 85.35
12 40.0 90.35
13 45.0 95.35
14 50.0 100.35
15 55.0 105.35
16 60.0 110.35
17 63.0 113.35

Table B.3: 6H - Measurement reference system relation with the distance from the injector.

3H. The sampling plane is set 79 mm below the the injector location.

The computational grid employed in the simulation of the spray in cross flow involves a simplification of the test-rig
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traverse x distance
[#] [mm] [mm]
0 20.0 86.29
1 24.0 90.29
2 28.0 94.29
3 32.0 98.29
4 36.0 102.29
5 40.0 106.29
6 44.0 110.29
7 48.0 114.29

Table B.4: 3H - Measurement reference system relation with the distance from the injector.

injection chamber, defined by a 80×80 square section duct with the addition of an inclined square channel represent-

ing the injectors seat. The different nozzle mount location requires the modification of the system boundary from 6H

and 3H. The meshes are reported in Fig. B.6. The simulation domain is cut on the vertical plane corresponding to

the channel axis, in accordance to the transversal symmetry of the duct and the injector, to reduce the computational

effort.

The hex-dominant grids are generated starting from a structured mesh involving cubic cells with constant size equal

(a)

(b)

Figure B.6: Injection chamber computational grid for 6H (a) and 3H (b). The injector location is
highlighted by the red dot.

to 2 mm. The injector channels are generated refining and adapting the grid to the inclined geometry through the use

of prisms and polyhedra with snappyHexMesh tool [33]. The resulting 6H grid involves 164464 hexahedra, 1769

prisms, and 1512 polyhedra, with a maximum skewness equal to 1.97 rad, a maximum non-orthogonality equal to
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Appendix B. CFD details and setup

56.1◦ and a minimum cell volume of 3.210−12 m3. The simulation of 3H is realized on 164120 hexahedra, 2496

prisms and 1704 polyhedra, with a maximum skewness of 1.18 rad, a maximum non-orthogonality equal to 40.3◦

and a minimum cell volume of 7.410−12 m3.

Impinging fluid mass quantification

The assessment of the mechanical patternator intrusiveness in the flow field is obtained simulating the whole test-rig

channel substituting the channel bottom wall with the instrument. The resulting grids are labeled standard and

patternator to represent the original channel geometry and the one modified by the probe insertion. The mesh are

generated from a base mesh defined by cubic cells with edge size equal to 4 mm, refining and adapting the grid to the

solid features with the OpenFOAM® tool snappyHexMesh [33]. Fig. B.7-a shows the standard channel mesh

which counts ∼986k cells (hex:726453, prisms:42064, tet wedges: 2964, poly:214291) with a maximum skewness

of 4.9 rad and a maximum non-orthogonality equal to 64.9◦. The patternator mesh, visible in Fig. B.7-b is com-

posed of 796801 hexahedra, 74114 prisms, 594 tetrahedral wedges and 189242 polyhedra (1.06M cells total). The

mesh quality in terms of skewness ans non-orthogonality is consistent with the standard case.

The spray simulations involving the real injection chamber geometry are carried out on a computational domain ex-

(a)

(b)

Figure B.7: Lateral view of the meshes used to simulate the flow field in the test-bench. standard (a)
and patternator (b).

tracted from the patternation section of the complete mesh, refined in the near nozzle region and the probe geometry.

The resulting mesh are reported in Fig. B.8. The grids are generated with the same approach reported for the whole

test-rig one, and are composed of 165k cells for the standard test case and of 422k cells for the patternator one.

The skewness and the non-orthogonality are consistent with the flow field meshes.
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(a) (b)

Figure B.8: Lateral view of the meshes used to simulate the spray development in the test-bench.
standard (a) and patternator (b).

SCR spray heat-transfer

The simulation of the modified test-rig presented in Chapter 5 presents a multi-region case, where a 0.3 mm thick

solid plate is introduced in the injection chamber. The basis of the mesh for the six hole injector 6H is reported in

Fig. B.6-a. The solid plate is set with the front surface 14 mm above the bottom plate, and is meshed with 8 layers

along the thickness and extracted from the gaseous domain. A progressive 3D hex-based grid refinement is applied

to the neighborhood of the solid mesh, to reduce the aspect ratio and better represent the gas flow splitting. The final

mesh, is reported in Fig. B.9.

Figure B.9: 6H nozzle: mesh for the spray-wall interaction campaign.

The solid is meshed with a structured grid composed of 78080 hexahedra with a constant thickness of 0.0375

mm and single face interface area of 1 mm2. The gaseous domain is discretized with 393697 hexahedra, 1793

prisms and 9296 polyhedra (for a total count of 404786 cells) leading to a maximum skewness of 2.0 rad and a

maximum non-orthogonality of 56.1◦.
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