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a b s t r a c t 

To further increase the efficienc y and decrease emissions of large two-stroke marine Diesel engines, the 

understanding of the fuel injection, spray breakup and the resulting combustion plays a vital role. In- 

vestigations have shown that the strongly asymmetrically and eccentrically arranged nozzle bores of the 

fuel injectors can lead to undesirable spray deflections that provoke increased component temperatures, 

emissions and fuel consumption. In order to investigate the origin of these spray deviations, transpar- 

ent nozzles have been used to qualitatively visualize the in-nozzle flow under realistic geometrical and 

fuel pressure conditions. Three different, 0.75 mm diameter, single-hole nozzle geometries that repre- 

sent typical geometrical characteristics have been used in cavitating nozzle flow experiments. The optical 

measurement technique Shadowgraphy has been applied to visualize the in-nozzle flow over the com- 

plete fuel injection process. The experiments have been performed with Diesel fuel at a rail pressure of 

50 MPa with ambient back-pressure and temperature. Impingement measurements have been executed 

to compare the nozzle performance and validate CFD simulations using URANS with cavitation modeling 

in order to provide qualitative and quantitative support to the experimental results. The volume of fluid 

(VOF) method has been applied to simulate the multiphase flow with High Resolution Interface Captur- 

ing (HRIC). The cavitation model is based on a flash-boiling method with rapid heat transfer between the 

liquid and vapor phases. A Homogeneous Relaxation Model (HRM) has been utilized to describe the rate 

at which the instantaneous quality, the mass fraction of vapor in a two-phase mixture, will approach its 

equilibrium value. 

The numerical modeling of the cavitation inside the nozzle bore and the evaluated momentum flux have 

been compared to the experimental findings and show good agreement for the qualitative comparison of 

the cavitation patterns and differences of less than 6% for the quantitative momentum flux comparison. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

.1. Background 

Large two-stroke marine Diesel engines belong to the most effi- 

ient internal combustion engines existing and can reach efficien- 

ies over 55% [1] . To further decrease emissions and increase the 

verall efficiency, the understanding of the fuel injection plays a 

rucial role. Development strategies which can maintain highly ef- 

cient combustion while reducing pollutant formation require a 
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ore granular understanding of the mixture preparation, which is 

he driving force of in-cylinder combustion. 

Due to the large bore of two-stroke marine Diesel engines and 

 strong swirl motion of the charged air, multiple fuel injectors are 

sed and arranged around the single exhaust valve. As a result, the 

ypical three fuel injectors arranged by 120 ° have highly eccentri- 

ally and asymmetrically arranged nozzle bores. A typical nozzle 

ip that is mounted on the fuel injector is illustrated in Fig. 1 . Note

he five-hole nozzle design where all five nozzle bores face a sim- 

lar direction. This particular nozzle design and the large nozzle 

ore diameters limit the usability of research focused on small- 

nd medium-sized Diesel engines. 

Some of the specific issues that affect fuel injection in large ma- 

ine Diesel engines have been examined by experiments conducted 
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Fig. 1. Illustration of a standard nozzle tip for large two-stroke marine Diesel en- 

gine fuel injectors indicating the typically five-hole design of the nozzle bores. Note 

that the main body diameter is 15 mm and the nozzle bores have diameters around 

1 mm. The nozzle tips are exchangeable and directly mounted on the fuel injectors 

(not depicted). 
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c

n the constant-volume Spray and Combustion Chamber (SCC) at 

interthur Gas & Diesel Ltd. (WinGD) [2] . Investigations in the 

CC have shown that the asymmetric and eccentric nozzle layout 

f large two-stroke marine Diesel engine fuel injectors has a sig- 

ificant influence on spray formation [3,4] . Additionally, CFD sim- 

lations have shown that inhomogeneous fuel velocity profiles in 

he nozzle bores induced by geometric cavitation lead to signifi- 

ant spray deflections, especially for eccentrically arranged nozzle 

ores [5,6] . 

To further investigate the in-nozzle flow and how it affects the 

pray morphology of large two-stroke marine Diesel engine injec- 

ors, experiments have been performed using transparent nozzles 

ade of polymethyl methacrylate (PMMA). The feasibility of us- 

ng PMMA as material to visualize in-nozzle flow has been proven 

y countless work over the last years [7–13] . Although different 

on-invasive measurement techniques have been proven success- 

ul to investigate the in-nozzle flow under real fuel injection con- 

itions, the use of transparent nozzle tips still allows the high- 

st spatial and temporal resolutions, especially compared to x-ray 

maging. The flow inside multi-hole marine injectors has previ- 

usly been studied optically only using transparent models with 

ater at a few atmospheres pressure as working fluid [ 7,14 ]. Yang 

t al. [15] provide an up-to-date and detailed review of the experi- 

ental non-intrusive investigations of fuel injector phase changing 

ow. In this study, full-scale nozzle diameters and realistic injec- 

ion pressures with real Diesel fuel are utilized in order to match 

et points for WinGD marine Diesel engines. The design of opti- 

ally transmissive injector inserts provides the possibility of pro- 

uction nozzle geometry duplication while realistic injection pres- 

ures can be applied. This allows the acquisition of optical mea- 

urements which provide insights for model development and can 

e used for the validation of cavitation modeling results based on 

FD for large marine Diesel engine atomizers. 

.2. In-nozzle cavitation 

Cavitation is the process of formation and consequent collapse 

f gaseous bubbles in a liquid under a local decrease in static pres- 

ure. Depending on the topology of the vapor structures in the 

ow, cavitation occurs in the form of traveling bubbles or vapor 

ockets, extending over a partial length of the nozzle bore (cloud 

avitation and sheet cavitation), or supercavitation, when the vapor 

egion extends over the whole length of the nozzle bore [16,17] . 

Hydrodynamic cavitation in fuel injectors develops at high in- 

ection rates when the pressure drops below the critical level in- 
2 
ide the nozzle bore, leading the fuel to evaporate into vapor. Cav- 

tation is reported to improve the spray breakup processes [18–

2] . However, undesirable effects on the fuel injection performance 

ay occur, such as flow instabilities, excessive noise generation, 

nd erosion, which can cause damage to the injector and nozzles 

23] . 

To characterize the flow inside the nozzle, the dimensionless 

ischarge coefficient providing the ratio between actual and theo- 

etical discharge through the nozzle bore is used: 

 D = 

˙ m actual 

˙ m ideal 

(1) 

here ˙ m ideal is the theoretical mass flow based on Bernoulli’s 

quation and ˙ m actual the actual, entropy bounded, mass flow 

hrough the atomizer. 

. Experimental methods 

.1. Optically transparent nozzle holder 

A transparent nozzle holder (TNH) to be mounted on fuel injec- 

ors of large marine Diesel engines has originally been developed 

t Chalmers University of Technology [24] and proved to cope with 

uel pressures in the ranges of large two-stroke marine Diesel en- 

ines (50 to 80 MPa rail pressure) for a limited number of injec- 

ions (usually around 20 to 60 injections before failure). The de- 

ign uses transparent nozzles made from PMMA. The thermoplas- 

ic has a similar optical refractive index to Diesel (1.49 and 1.46 

o 1.52 depending on the Diesel mixture, respectively) that allows 

isualization of the in-nozzle flow without optical distortions due 

o the round shape of the nozzle bore that otherwise would act 

s a cylindrical lens. The transparent nozzle is mounted onto the 

NH with rigid metallic clamps that apply an external force onto 

he nozzle to suppress the expansion of the PMMA. This clamping 

educes the internal stresses in the PMMA and decreases the fail- 

re probability significantly (see [11] for further information). For 

he optically interesting axis, polished sapphire bricks have been 

sed between the metal clamps and the PMMA nozzle to guaran- 

ee maximal optical access while still applying a clamping force on 

he plastic. 

Fig. 2 illustrates the used TNH. The entire setup can be mounted 

n a typical WinGD injector by using the injector mount (e). The 

ain bore leads the fuel to the PMMA nozzle (k) and the pres- 

ure sensor (a). The metallic top-clamps (c) apply force directly 

o the PMMA nozzle, while the side-clamps (g) provide stability 

ia two polished sapphire bricks (h) to maintain optical access. 

he PMMA nozzle is also fixed by using two fitting bolts (f) that 

onnect the sensor-body (b) and the main-body (d) together. The 

epicted transparent nozzle (k) is a single-hole, perpendicular de- 

ign with a nozzle bore diameter of 0.75 mm. The sensor-body (b) 

resented in Fig. 2 holds a pressure transducer that allows mea- 

uring the fuel pressure in the main bore of the TNH. The used 

iezo-resistive pressure sensor from Kistler (type 4067C20 0 0) has 

 natural frequency of over 200 kHz that allows dynamic acqui- 

ition of the fuel pressure in the main bore of the nozzles. The 

ressure sensor allows accurate data acquisition that is necessary 

o investigate cavitation behavior during the quasi-steady-state in- 

ection conditions. It is important that the pressure at the main 

ore is known during the whole injection process to better under- 

tand cavitation fluctuations in the nozzle bore. The measured data 

as crucial importance as a boundary condition in CFD simulations 

ince fuel injectors usually have significant pressure losses. 

.2. Nozzle geometries 

Three different single-hole cylindrical nozzle designs have been 

hosen based on the realistic five-hole atomizer designs of large 
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Fig. 2. Sectional view (i) and top view (ii) illustration of the new transparent noz- 

zle holder with pressure sensor (a), sensor-body (b), top-clamps (c), main-body (d), 

injector mount (e), fitting bolt (f) side-clamp (g), sapphire brick (h) and transparent 

nozzle (k). 

t

b

a

n

o

l

(

s

a

e

s

F

f

i

d

a

h

e

a

r

2

a

i

p

s

w

t

t

c

a

f

s

o

Fig. 3. Isometric, side, and top projection of the three different transparent noz- 

zle types used. N101: centrically arranged 90 ° setup, N105: centrically arranged 

75 ° setup, and N104: eccentrically arranged 90 ° setup. The main bore diameter is 

3.5 mm and the nozzle bore diameter is 0.75 mm. 

Fig. 4. Schematic of the optical setup used with high-speed camera (a), far-field 

microscope (b), mirror (c), transparent nozzle holder (TNH) (d), diffuser plate (e), 

focusing lens (f), collimator (g), optical light guide (h), diode laser (i) and injector 

(j). The dashed line represents the optical axis. Note that the spray chamber sur- 

rounding the TNH is not illustrated. 
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t
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t
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a

wo-stroke marine Diesel engine injectors. This simplification has 

een chosen to reduce the computational cost for CFD simulations 

nd to reduce the experimental effort. The application of five-hole 

ozzle bores would complicate the optical access since they are 

verlapping in the interesting optical axis and, as a result, would 

imit the information about the in-nozzle flow of the nozzle bores 

compare with the original five-hole nozzle tip in Fig. 1 ). Fig. 3 

hows geometry projections of the three different nozzle types 

dapted for the TNH: isometric, side, and top views. The fuel flow 

nters the nozzle main bore from the top, and the pressure sen- 

or is mounted at the bottom side in the isometric projection (see 

ig. 2 for reference). The nozzle N101 represents the most straight- 

orward arrangement of the three designs, where the nozzle bore 

s located centrally with reference to the main bore and perpen- 

icular to the main bore axis. The nozzle N105 also has a centrally 

rranged nozzle bore but with an angle of 75 °. The nozzle N104 

as a perpendicular angle as well, but the nozzle bore is 0.8 mm 

ccentrically arranged. The nozzle bore and main bore diameters 

re identical for all three nozzles and are 0.75 mm and 3.5 mm, 

espectively. 

.3. Optical imaging 

The TNH is designed to visualize the in-nozzle flow using 

 line-of-sight optical measurement technique like Shadowgraph 

maging, where a light source illuminates one side of the trans- 

arent nozzle and an imaging system is installed on the other 

ide. A schematic of the optical setup used is depicted in Fig. 4 

here a simplified drawing of the fuel injector (j) together with 

he mounted TNH (d) is depicted as well, indicating the propor- 

ions. The dashed line indicates the optical axis. The setup used 

onsisted of a Cavitar Cavilux Smart diode laser (i) emitting at 

 center wavelength of 640 nm together with a Questar QM100 

ar-field microscope (b) and a Photron Fastcam SA5 CMOS high- 

peed camera (a). A diffuser plate (e) has been installed in front 

f the TNH to guarantee a uniform background illumination. An 
3 
dditional 150 mm plano-convex spherical lens (f) has been used 

ogether with an optical light guide (h) and its matching collima- 

or (g) to focus and concentrate the diode laser emission onto the 

iffuser plate in front of the TNH (d). A mirror (c) has been used 

o protect the far-field microscope from possible debris in case of 

aterial failure. The field of view of approximately 5 x 5 mm has 

een acquired with a resolution of 512 x 512 pixels and a framer- 

te of 20 kHz. 
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The use of a pulsed light source with short pulse lengths is nec- 

ssary to acquire sharp in-nozzle flow images under realistic fuel 

ressure conditions. This is due to motion blur that would occur 

ith a constant light source because of the relatively long expo- 

ure times in the range of μs compared to the fuel velocities of a 

ouple 100 m/s in the nozzle bore. 

.4. Impingement measurements 

To quantitatively characterize the different single-hole nozzle 

eometries, the spray momentum flux has been measured using 

 calibrated piezoelectric force sensor (type 9215a) together with 

 charge amplifier (type 5064) from Kistler. The so-called impinge- 

ent measurements are further described in [25,26] and use con- 

ervation of momentum based on the assumption that the spray 

mpingement area is much smaller than that of the sensor used in 

he measurements. Hence, the momentum flux of the spray at the 

ozzle bore exit is identical to the force measured on the sensor. 

To align the force sensor exactly on the nozzle bore symme- 

ry axis, three different sensor holders have been manufactured ac- 

ording to the different nozzle geometries. The force sensor hold- 

rs have been mounted directly on the two top clamps of the TNH 

see Fig. 2 for further details) to minimize the distance between 

he nozzle bore exit and the force sensor. 

The momentum flux ˙ M f can be calculated using Eq. 2 : 

˙ 
 f = 

∫ 
A 0 

v 2 · ρ · dA (2) 

here A 0 is the geometrical area of the nozzle bore exit, and ρ and 

 the density and velocity of the fluid in liquid or gaseous phase 

xiting the nozzle bore. 

.5. Test facility 

The experiments have been conducted in the constant-volume 

pray and Combustion Chamber (SCC) at WinGD, where the geom- 

try represents the combustion volume with the piston at top dead 

enter of an RT-flex50 engine from WinGD’s portfolio. The SCC is 

ble to operate under realistic engine loads regarding charge pres- 

ures, swirl motion, and temperatures. The chamber diameter is 

dentical to the cylinder bore and measures approximately 500 mm 

more details about the test rig can be found in [2–4,6,27,28] ). The 

uel is pressurized using a standard common-rail system equipped 

ith an injection control unit (ICU) as used on each cylinder of 

he RT-flex engines. The rail pressure has been set to 50 MPa, 

hich represents a standard value at part load engine operation. 

ince only the in-nozzle flow has been investigated for this work, 

he back-pressure and gas temperature in the spray chamber have 

een set to ambient conditions. Experiments have shown that the 

ack-pressure and fuel temperature play a less significant role for 

he in-nozzle flow cavitation patterns when the pressure differ- 

nces are large and the fuel temperatures less than 80 °C [29–31] .

he fuel used is a standard Diesel from Preem AB with the product 

ode DMK1UA-SE, a density of 815.9 kg/m 

3 (at 15 °C), a viscosity of 

.112 mm 

2 /s (at 40 °C) and a net heat of combustion of 43.16 MJ/kg.

. Numerical modeling 

.1. In-nozzle flow CFD simulations 

Modeling turbulent cavitating flows is a challenging task be- 

ause of the complexity of the phenomenon itself and the highly 

ynamic interaction between phases and non-equilibrium ther- 

odynamic states. Recent numerical simulations have proven the 

pplicability of CFD in cavitating flow predictions, thus support- 

ng experimental measurements and product development [32–

5] . Most of the published numerical work is limited to small- and 
4 
edium-sized engine fuel injectors and due to large geometrical 

ifferences, only insufficiently useful for the validation and opti- 

ization of cavitation formation in large marine Diesel engine fuel 

njectors. 

Several different models have been developed for cavitation 

n nozzles. Giussani et al. [36] provide an extensive overview of 

umerical modeling approaches of cavitating flows in fuel injec- 

or nozzles. The available methodologies for simulating multiphase 

ows can be classified either according to the adaptation of the 

ultiphase fluid modeling or according to the mass transfer mech- 

nism assumed for cavitation. Concerning multiphase modeling in 

iesel fuel nozzles involving cavitation, the most common imple- 

entations are the homogeneous mixture models, the heteroge- 

eous multi-fluid models, and the Lagrangian models. 

The homogeneous Eulerian flow model has been utilized in 

37,38] with a separate transport equation for the vapor volume 

raction describing the evolution of the cavitation region. It is as- 

umed that all the phases share the same velocity and pressure;;; 

he fluid is a continuous mixture of liquid and vapor. Most models 

ely on the assumption of thermodynamic equilibrium. The occur- 

ence of cavitation is determined based on a cavitation criterion, in 

he simplest case, just by means of the local pressure in compar- 

son with the vapor pressure. Dabiri et al. [39] tested this simple 

riterion and found that the viscous stress contributes to the size 

f cavitating regions significantly and thus leads to earlier cavita- 

ion inception [40] . 

Multi-fluid Eulerian models [41,42] allow a more detailed de- 

cription of the flow compared to the homogeneous model. This 

ethod is characterized by different sets of conservation equations, 

ne for each phase; thus each phase has its own velocity, temper- 

ture, and pressure [43] . However, the two-fluid model is based on 

ime and space averaged equations and cannot track the interface 

xplicitly. 

When the cavitation level is low and the resulting bubbles are 

maller than the cells in the computational grid, it is possible to 

se the Euler-Lagrangian approach. In this approach, each bubble 

s product of cavitation is tracked in a Lagrangian frame. Here, 

nly the liquid is a continuum, while the vapor is the dispersed 

hase and is represented by parcels of bubbles. Vapor bubble tra- 

ectories are tracked, integrating the Newton equation of motion 

or each parcel. Examples of this method applied to nozzle flows 

re reported by Giannadakis et al. [44,45] . 

The widely-applied sharp interface capturing method Volume 

f Fluid (VOF) technique [36,43,46,47] has been chosen to cap- 

ure the liquid/gas interface. The model is similar to the homo- 

eneous model, where a single momentum equation is calculated 

or all phases that interact using the VOF model. The method is 

uitable to capture small to large scale deformations and interface 

ones as it is an Eulerian-Eulerian method, and therefore, the liq- 

id and vapor are treated in separate phases. The cavity shape is 

onstantly tracked and updated until the local pressure inside the 

avity reaches the vapor pressure, therefore giving precise and con- 

ergent modeling of the cavity-surrounding liquid interface. The 

OF method is able to successfully predict the separation point, 

ecirculation zone, and reattachment points. Furthermore, the pres- 

ure distribution inside the compressible flow is also correctly cap- 

ured. The solved transport equation of the vapor fraction predicts 

he convection of bubble nuclei or micro-bubbles within the liquid 

aused by cavitation. The basic drawback of this approach is the 

igh numerical grid resolution required to sufficiently resolve the 

ength and time scales. In this particular study, the VOF method 

as been chosen to track the interface of different phases. High 

esolution Interface Capturing (HRIC) [4 8,4 9] has been applied in 

he VOF method to avoid artificial effects and to minimize numer- 

cal diffusion and compressive character. VOF and HRIC governing 

quations can be found in [49,50] . 
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Fig. 5. Schematic Figure of CFD domain with applied boundary conditions pre- 

sented for nozzle type N101. 
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.2. Cavitation model 

The numerical representation of cavitation and flash boiling has 

een an important area of research due to the difficulties of rep- 

esenting their physics by robust and accurate numerical method- 

logies. Schmidt et al. [37] and Giannadakis [44] provide an exten- 

ive discussion on various models available. A widely-used Eulerian 

pproach to simulate cavitation is based on the Rayleigh-Plesset 

quation, which describes the growth and collapse of a bubble in 

 liquid, assuming no slip between the two phases. This model 

s highly dependent on the initial bubble radius and number pa- 

ameters, which can be defined by using prior experimental data 

ata. In [51] , Neroorkar et al. simulated cavitation phenomenon 

ased on the Homogeneous Relaxation Model (HRM), thus provid- 

ng an alternative to the Rayleigh-Plesset equation. In his study, 

t has been found that despite the differences between cavitation 

driven by pressure) and flash boiling (driven by temperature as 

ell), these models are sufficiently similar to suggest that the HRM 

an also model cavitation [52,53] . The results have been validated 

gainst geometries experimentally evaluated in [51] and demon- 

trated that the model could could correctly reproduce the cavita- 

ion in a nozzle. Battistoni et al. [54] , in their study, compared a

ixture model in conjunction with the HRM phase change model 

ith a multi-fluid model utilizing the Rayleigh bubble dynamics 

or phase change, and validated against experimental data. It has 

een concluded that from an engineering point of view, the two 

odels showed good predictive capabilities. 

The cavitation model implemented in the commercial soft- 

are Converge has been used for this study. The model is 

ased on the flash-boiling hypothesis of Shields et al. from 2011 

37,38,55,56] with rapid heat transfer between vapor and liquid 

hase. The method represents a similar procedure to cavitation, 

here the vapor formation happens through a pressure drop on a 

onstant temperature level, except that the pressure drop is lower 

nd there is a temperature elevation in the system. The mass ex- 

hange between phases is predicted by an HRM, which describes 

he process of vapor mass fraction approaching its equilibrium 

tate. This mass fraction rate is calculated by the formula: 

D x 

D t 
= 

x − x 

�
(3) 

here x represents the equilibrium mass of vapor phase, x is the 

nstantaneous mass, and � is the time scale over which x relaxes 

o x . For evaporation, �E is expressed in Eq. 4 , furthermore the 

ondensation time scale is described by equation Eq. 5 : 

E = �0 · α−0 . 54 · ϕ 

−1 . 76 (4) 

C = F · �0 · α−0 . 54 · ϕ 

−1 . 76 (5) 

here F is the condensation time scale factor with a typical value 

f 5E3, meaning that the condensation is 5E3 times faster than 

he evaporation under similar conditions. The �0 coefficient is set 

o 3.84E-7 s based on validated work from [52,57,58] . The non- 

imensional pressure ratio ϕ, is given by the formula: 

 = 

p sat − p 

p c − p sat 
(6) 

here p c means the critical pressure. Further information of the 

avitation model can be found in [50] . 

In the flow field, O 2 and N 2 representing the air inside the noz- 

le and the gas state of n-Dodecane as fuel surrogate have been 

nitialized. The equation of state has been handled by the Redlich- 

wong cubic equation (shown in Eq. 7 ), while the real gas proper- 

ies are calculated as a function of temperature. 

p = 

RT 

v − b 
− a 

v 2 + ubv + wb 2 
(7) 
5 
urther information of the coefficients can be found in [50] . 

Based on its very similar physical properties compared to the 

easured Diesel fuel, n-Dodecane has been utilized as Diesel sur- 

ogate. 

.3. Turbulence modeling 

RANS and URANS simulations have been popular within the in- 

ustry due to time and cost constraints, predicting flows accept- 

bly on a macroscopic level. LES, DES, and hybrid RANS/LES ap- 

roaches, among other turbulence models, still have high compu- 

ational demand but resolve transient large-scale turbulent struc- 

ures and provide more detail of the flow [59,60] . Koukouvinis 

t al. [61] , in their extensive work, tested several turbulence mod- 

ls with different cavitation models at many pressure drops and 

ompared those results to experimental data. They found that 

ANS produced less accurate results at low-pressure drops. Edel- 

auer et al. [62] compared RANS and LES of cavitating flows and 

oncluded that RANS could predict cavitation with reasonably ac- 

eptable accuracy in an operating condition with high-pressure dif- 

erence. In the present high-pressure injection study, the Renor- 

alization Group (RNG) k − ε turbulence model has been applied. 

he model coefficients have been taken from the literature and fol- 

ow the instructions for cavitating flows in Diesel injectors sug- 

ested by Convergent Science. Further information on the turbu- 

ence kinetic energy and turbulence dissipation equations can be 

ound in [50] . 

.4. Numerical setup 

The CFD domain with the applied boundary conditions can be 

een in Fig. 5 . The nozzle is modeled as wall boundary. Static pres-

ure derived from the measurements is applied at a fuel tempera- 

ure of 323 K at the nozzle inlet. The mass fraction of the entering 

uel is 99.9% of n-Dodecane and 0.1% of air. The turbulent intensity 

nd length scale are approximated and set to 0.02, and 0.0 0 01 m, 

espectively. The nozzle walls are treated as no-slip walls assum- 

ng smooth wall conditions. The plenum, which is a constant vol- 

me filled with air, has atmospheric conditions. Here, the out- 

ow boundary condition is applied. The turbulent kinetic energy 

s specified at a value of 0.02 and the length scale is set to have a

alue of 0.0 0 03 m. Together with the wall boundary conditions, the 

aw of the wall for high-Reynolds number applications is applied. 

n the absence of prism layers, the viscous sub-layer of the bound- 
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Fig. 6. Grid structure applied in the simulation in case of the nozzle type N101 

with a detailed view around the nozzle bore (top). 
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Fig. 7. Averaged fuel pressure and injector solenoid current for injection duration 

of 12 ms. The time origin is triggered start of injection (tSOI). 

Fig. 8. Averaged momentum flux ˙ M f of the three different nozzles used over the 

injection duration. The time origin is triggered start of injection (tSOI). 
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ry layer cannot be sufficiently resolved; therefore the application 

f the wall function is obligatory. The law of the wall approach is 

 logarithmic curve fit of the turbulent boundary layer; thus the 

angential componen ts of the stress tensor can be calculated. The 

imulation is set to reach a quasi-steady solution at 0.01 s. 

.5. Grid generation 

Three different grids have been created for the standard noz- 

le N101 in order to investigate the grid resolution influence on 

he computational results. Based on the nozzle bore diameter of 

.75 mm, 40, 35, and 30 cells have been placed in the nozzle 

ore, respectively. With the aforementioned nozzle bore resolution, 

 base grid size has been calculated for the entire geometry of the 

ozzle. 

The nozzle bore region has been computed by the so-called 

xed embedding, utilizing a scaling factor of 4 compared to the 

hosen base cell size, where a stationary zone has been defined in- 

luding the nozzle bore length, the vicinity of the nozzle bore inlet 

nd the near nozzle bore region inside the plenum (see Fig. 6 ). The

lenum region has been computed by Adaptive Mesh Refinement 

AMR), where the automated grid refinement cuts the cells by a 

caling factor of four, based on velocity and void fraction sub-grid 

riteria. The wall boundaries have been computed by a permanent 

rid resolution by keeping the non-dimensional wall distance value 

 

+ at 30, which is appropriate in case of high-Reynolds number 

urbulent flow applications. 

.6. Solver settings 

The transient solver with the full hydrodynamic simulation 

ode has been chosen for this application. Both the gas and liq- 

id flow solvers are fully compressible. The Pressure-Implicit with 

plitting of Operators (PISO) algorithm with a tolerance of 0.001 

as been used for the pressure-velocity field coupling, while the 

omentum, pressure, density, and energy equations have been 

aken care of the linear solver method, thus allowing a faster con- 

ergence. The time step has been set to be varied between 1E- 

0 and 1E-06 s, while the maximum CFL (Courant-Friedrichs-Lewy 

ondition) number and diffusive CFL number have been chosen to 

e lower than 0.25 and 0.5, respectively. 
6 
. Results and discussion 

.1. Experimental results 

The fuel pressure measured in the main bore of the nozzle 

ounted in the TNH and the corresponding normalized current 

ignal of the injector solenoid are depicted in Fig. 7 . The signals 

hown are averaged over 20 injections. The time axis origin is the 

riggered start of injection (tSOI). The shift between current and 

ressure signal indicates the hydraulic delay due to the needle 

ovement in the fuel injector. The quasi-steady-state injection pe- 

iod has been defined between 5 and 13 ms after tSOI and has 

een used to average the pressure, the momentum flux, and the 

n-nozzle flow images for comparison with the CFD results. The 

epicted pressure curve in Fig. 7 represents the data of the nozzle 

ype N101. As there is no significant difference in the pressure sig- 

als of the three nozzle types, the pressure curves of the nozzles 

104 and N105 are not depicted for visibility reasons. 

The momentum flux data acquired for the three different noz- 

les used is depicted in Fig. 8 . Note the similar curve characteris- 

ics compared with the pressure curve shown in Fig. 7 . The pres- 

ure and momentum flux results have been averaged over the 

uasi-steady-state period of the fuel injection process between 5 

nd 13 ms after tSOI. The averaged values and the correspond- 

ng standard deviations of the pressure measurements are depicted 

ogether with the momentum flux results from the impingement 

easurements in Table 1 . The averaged pressure data has been 

sed for the CFD boundary conditions. 

Although the quasi-steady-state period of the pressure and mo- 

entum flux curves show fluctuations, the signal is very stable, as 

ndicated by the small standard deviations as sown in Table 1 - tt 

ose fluctuations originate from the hydraulic high-pressure sys- 

em providing the injector with fuel and are fully reproducible. 
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Table 1 

Experimentally measured and averaged fuel pres- 

sure and momentum flux ˙ M f together with the 

standard deviation for the three different nozzle 

types (N101, N104 and N105) investigated. 

measurements 

avg. pressure N101 [MPa] 38.51 ± 1.08 

avg. pressure N104 [MPa] 38.98 ± 1.04 

avg. pressure N105 [MPa] 38.32 ± 1.00 

avg. ˙ M f N101 [N] 21.46 ± 0.09 

avg. ˙ M f N104 [N] 19.97 ± 0.07 

avg. ˙ M f N105 [N] 20.93 ± 0.11 

Fig. 9. In-nozzle images of nozzle N101. Note that dark areas within the nozzle bore 

indicate gaseous flow, i.e., cavitation. Nozzle bore filled with Diesel, but no cavita- 

tion flow (i), first sign of cavitation (ii), and following image frames with 50 μs 

time interval (iii - vi), and during quasi-steady-state fuel injection at around 8 ms 

after tSOI (vii). 
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Fig. 10. Density distribution [kg/m 

3 ] shown in a vertical section cut in the middle 

of the nozzle bore (side view) for the nozzle type N101 (i), while streamlines col- 

ored by velocity magnitude [m/s] give the flow path inside the nozzle (ii) taken at 

the end of the simulation. 
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The acquired images of the in-nozzle flow have only been in- 

ensity adjusted, rotated and cut, to remain the maximal image in- 

ormation. A series of selected in-nozzle flow images are shown in 

ig. 9 where i) shows the with Diesel fuel filled nozzle bore be- 

ore the needle opening, ii) - vi) during needle opening, and vii) 

uring the quasi-steady-state fuel injection at around 8 ms after 

SOI. The field of view used covers the entire nozzle bore (verti- 

al) of the transparent nozzles and a small area of the nozzle main 

ore (horizontal, top of image). Since the refractive index of the 

MMA material and the Diesel fuel used are not perfectly identi- 

al, the main bore and nozzle bore walls are visible at all times 

n the images acquired. Therefore, the image before needle open- 

ng, as depicted in Fig. 9 i), serves as a reference background. In 

he other images shown in Fig. 9 , the additional dark areas repre- 

ent gaseous flow, i.e., cavitation. The light is refracted away from 

he optical axis due to the phase and consequent refractive index 

hange and therefore does not arrive on the camera sensor. The 

right areas within the walls of the nozzle bore indicate the liq- 

id fuel flow as the light passes the transparent nozzle with only 

light distortions and arrives on the camera sensor. For comparison 

ith the CFD results, only the images during the quasi-steady-state 

njection period as depicted in Fig. 9 vii) have been used and aver- 

ged. However, the images acquired during needle opening ( Fig. 9 

i) - vi)) are quite interesting as well. Image ii) represents the in- 

ozzle flow at around 2.1 ms after tSOI (compare with the pres- 

ure curve in Fig. 7 ) and shows the first cavitation in the acquired

easurement series. The pressure is still quite low compared to 

he maximal pressure achieved roughly 1 ms later. The following 

mages iii) to vi) are the consecutive frames with 50 μs interval 

iven by the 20 kHz frame rate of the high-speed camera. The cav- 

tation development within these five sequential images is interest- 

ng since the cavitation pattern develops to supercavitation in im- 

ge vi) and then forms back to film and cloud cavitation as shown 

n images iii) and vi) [16,63] . This reduction in cavitation intensity 

an be traced back to the small pressure fluctuation at the begin- 
7 
ing of the pressure curve, as depicted in Fig. 7 . Another interest- 

ng fact is the very similar supercavitating pattern in image v) and 

ii) although the pressure difference with approximately 40 MPa is 

xtensive (compare with pressure curve in Fig. 7 , image v) acquired 

t around 2.25 ms and image vii) at around 8 ms after tSOI). 

.2. CFD in-nozzle flow investigation 

A grid sensitivity analysis investigating three different numer- 

cal grids has been executed by utilizing the standard nozzle 

101. After reaching a converged quasi-steady solution, the spray 

eynolds number of each mesh type, based on the velocity mag- 

itude values stored in a section 0.05 mm before the nozzle bore, 

as been defined. Here, the flow field has been sampled along a 

traight line in the nozzle bore cross-section in 50 points. Then, 

he grid types have been compared by means of averaged pressure, 

ensity, and velocity fields, as well as by taking the cell gas frac- 

ions at the nozzle bore exit. It can be stated that only minor devi- 

tions among the test grids could be found. The finest grid predicts 

he highest maximum velocity magnitude at the nozzle bore exit, 

hile the coarsest grid shows a loss in velocity magnitude by ap- 

roximately 20 m/s. The average velocity magnitude analyzed at 

he same cross-section of the nozzle bore results in very similar 

ehaviour. Furthermore, the test meshes have been compared by 

eans of time-averaged Mach number and cell densities stored in 

he sampling points. The coarser grid resulted in very similar val- 

es in any investigated physical flow properties to the finest grid 

nd still having remarkably less computational time. As a result, 

he grid spacing of the coarser grid has been utilized for all three 

ozzle layouts for further numerical investigations. 

Each of the three nozzles has been analyzed individually. A ver- 

ical cross-section cutting the nozzle bore exactly in the middle 

nd visualizing the density distribution inside the nozzle is de- 

icted in Fig. 10 i). Note that only the side view of the nozzle ge-

metry is visualized for visibility reasons. The density distribution 

hows not just a separation of flow at the sharp nozzle bore in- 

et but also a flow detachment close to the nozzle bore exit can 

e seen, which has a pronounced effect on the spray formation. 

egarding the pressure field (not presented here), one can state 

hat the pressure reduces while entering the nozzle bore, where 

he fuel velocity increases according to Bernoulli’s law. The local 

ressure at the nozzle bore inlet drops below the vapor pressure of 

he fuel at the given temperature level, and additionally, the sud- 

en geometrical change invokes immediate cavitation inception. 

Streamlines colored by velocity magnitude (see Fig. 10 ii)) show 

he path of the fuel inside the nozzle, with a vena contracta rep- 

esented by the compressed streamlines after the fuel enters the 
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Fig. 11. Density distribution [kg/m 

3 ] shown in a vertical section cut in the middle 

of the nozzle bore (top view) for the nozzle type N104 (i), while streamlines colored 

by velocity magnitude [m/s] give the flow path inside the nozzle (ii) taken at the 

end of the simulation. 
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Fig. 12. Density distribution [kg/m 

3 ] shown in a vertical section cut in the middle 

of the nozzle bore (side view) for the nozzle type N105 (i), while streamlines col- 

ored by velocity magnitude [m/s] give the flow path inside the nozzle (ii) taken at 

the end of the simulation. 

Table 2 

Summary of the flow properties of the three nozzle types based on the 

CFD simulation results. 

nozzle types 

N101 N104 N105 

avg. v mag at orifice [m/s] 296 278 285 

avg. Re at orifice [-] 69.9k 65.6k 67.2k 

velocity uniformity index U i [%] 94 89 96 

avg. cell gas fraction at orifice [%] 31 30 23 

discharge coefficient C D [-] 0.65 0.62 0.69 

momentum flux ˙ M f [N] 21.06 18.81 21.71 
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ozzle bore from the main bore. A more pronounced separation 

an be seen on the upper side of the nozzle bore, which is ex- 

ected since the fuel enters directly from the nozzle main bore in- 

et direction and therefore suffering a significant redirection caused 

y the geometrical properties of the nozzle. 

The cavitating flow simulation results from the eccentric noz- 

le N104 are depicted in Fig. 11 . Note that only the top view of

he nozzle geometry is shown for visibility reasons. The flow field 

s described in terms of density distribution (i) and velocity field 

ii) inside the nozzle. The flow enters the nozzle bore through a 

ignificant distortion caused by the sharp inlet formed by the ec- 

entrical arrangement. Flow separation inside the nozzle bore on 

he nozzle main bore symmetry side occurs, and as a result, a 

arge recirculation zone is created, which is filled by fuel vapor. 

he region extends until the nozzle bore exit, forming a massive 

apor tube inside the nozzle bore and therefore significantly re- 

ucing the effective area of the nozzle bore. The eccentric side of 

he nozzle bore seems to be undisturbed by the geometry and as 

 result, the presence of a remarkably high-velocity zone can be 

ound. The highly non-uniform velocity magnitude distribution is 

n obvious outcome of the nozzle bore eccentricity and the ge- 

metrically induced cavitation. The cavitation zone at the nozzle 

ore inlet detaches after approximately a distance of one nozzle 

ore diameter and separates from the nozzle bore wall into the 

nternal region of the nozzle bore. The extended and coherent va- 

or zone reaches the nozzle bore exit while vapor bubbles travel 

hrough the flow. This sort of vapor formation is a typical char- 

cteristic of string cavitation and supercavitating nozzles [18,64] . 

apor formation can also be seen at the nozzle bore exit, which 

ignificantly influences the spray formation and causes spray core 

eformation. 

The CFD results of the angled nozzle N105 are depicted in 

ig. 12 . Note that only the side view of the nozzle geometry is 

resented for visibility reasons. The density distribution ( Fig. 12 i) 

hows an extended separation zone on the bottom side of the noz- 

le bore initiated by the sudden geometrical change at the nozzle 

ore inlet. This zone evolves into the fluid domain, compressing 

he velocity streamlines ( Fig. 12 ii) to the upper side of the nozzle

ore, creating an area with high velocities. The upper edge of the 
8 
ozzle bore inlet shows a comparably very small depression zone, 

hich can be identified as cavitation inception at the nozzle bore 

nlet; however it does not seem to have a significant effect on the 

ow field. 

A summary of the nozzle and flow field properties of the CFD 

imulation results can be found in Table 2 . 

Taking the average velocity magnitude evaluated by the CFD 

imulations at the nozzle bore exit (orifice), the standard noz- 

le N101 has the highest velocity and the eccentric nozzle N104 

he lowest. Based on these velocities, the corresponding Reynolds 

umbers ( Re ) have been defined for all three nozzle geometries, 

roving the presence of highly turbulent flow. The velocity mag- 

itude distribution in the vicinity of the nozzle bore exit can be 

efined by the velocity uniformity index U i introduced by Weltens 

t al. [65] described in Eq. 8 , 

 i = 

[
1 − 1 

2 n 

n ∑ 

i =1 

√ 

(v z − v z ) 2 

v z 

]
· 100 (8) 

here n is the total number of cells considered, v i is the axial ve-

ocity in the cell and v z represents the mean axial velocity. The ve- 

ocity uniformity index U i shows uniform flow velocity distribution 

rriving at the nozzle bore exit for the standard and the inclined 

ozzles (N101 and N105, respectively) while the eccentric nozzle 

104 stays by a few percentage points behind (see Table 2 for fur- 

her details). Another indicator of the flow uniformity is the void 

raction of phases at the nozzle bore exit. Therefore, averaging of 

he gas fraction of cells has been executed using the CFD simula- 

ion results. The standard N101 and the eccentric nozzle N104 have 
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Fig. 13. Experimental and simulated momentum flux ( ˙ M f ) of analyzed atomizer ge- 

ometries as function of Reynolds number. 
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Fig. 14. Experimental in-nozzle flow images showing background (i), single-shot 

(ii), and average during injection (iii) together with the corresponding CFD result 

(iv) depicting isovolumes of cell fuel vapor pressure fraction in a non-dimensional 

range for the nozzle N101. 

Fig. 15. Experimental in-nozzle flow images showing background (i), single-shot 

(ii), and average during injection (iii) together with the corresponding CFD result 

(iv) depicting isovolumes of cell fuel vapor pressure fraction in a non-dimensional 

range for the nozzle N104. 

Fig. 16. Experimental in-nozzle flow images showing background (i), single-shot 

(ii), and average during injection (iii) together with the corresponding CFD result 

(iv) depicting isovolumes of cell fuel vapor pressure fraction in a non-dimensional 

range for the nozzle N105. 
igher gas fraction, while the angled nozzle N105 results in less 

as-phase content just right before entering the plenum. The dis- 

harge coefficient C D gives a good indication of nozzle efficiency, 

herewith the reduced effective nozzle bore area due to cavita- 

ion, the value decreases and therefore influences the injected fuel 

elocity. The eccentric nozzle N104 provides the lowest discharge 

oefficient, while the rest of the nozzles have slightly higher values 

see Table 2 for reference). The momentum flux ˙ M f has also been 

valuated from the CFD simulation results as it remains the only 

uantitative result to compare directly with the experimental re- 

ults. The angled nozzle N105 has the highest momentum flux and 

he eccentric nozzle N104 with a significant deviation, the lowest. 

.3. Comparison of experimental and numerical results 

Fig. 13 depicts the momentum flux ˙ M f from the experiments 

nd simulations together with their Reynolds numbers ( Re ) evalu- 

ted from the CFD simulation results. The experimentally acquired 

omentum flux of the three different nozzle types shows error 

ars with a span of 5% to illustrate the deviations between ex- 

eriment and simulation. Although the standard deviation of the 

easured and averaged force signals from the impingement ex- 

eriments were evaluated (see Table 1 ), the errors are likely to 

e larger due to observational errors, and hence, a fixed span of 

% was chosen instead of the standard deviation of approximately 

nly 0.1 N. The simulation results fit the experimental data well for 

ozzle type N101 while predicting a slightly lower value for the 

ccentric nozzle N104 and a slightly higher value for the angled 

ozzle N105. The standard nozzle N101 has the smallest discrep- 

ncy with less than -2% compared to the experimentally measured 

alue. 

Fig. 14 , 15 , and 16 show the experimentally acquired in-nozzle 

ow images compared to the CFD simulation results. To create CFD 

mages that are qualitatively comparable to the experimental im- 

ges, a time frame has been defined for statistical examination af- 

er the simulation has reached a quasi-steady-state. This allows a 

omparison to the outcome of the time-averaged experimental im- 

ges. The Strouhal number, as non-dimensional shedding frequency 

f the emerging spray, has been determined by utilizing the oc- 

urred velocity at the nozzle bore exit. As a next step, a simulation 

ime of six shedding periods has been chosen as time interval for 

 statistical examination of the simulation results. 

The images in Fig. 14, 15 , and 16 depict the acquired in-nozzle 

ow of the nozzles N101, N104, and N105, respectively. Similar to 

he experimental data presented in chapter 4.1, Fig. 9 , the first 

mage shows the background (i), which is the transparent nozzle 

lled with Diesel fuel but without fuel mass flow. The second im- 

ge (ii) shows a single acquisition of the in-nozzle flow during the 

uasi-steady-state fuel injection at approximately 8 ms after tSOI. 

nd the last image (iii) is correspondent to an arithmetic mean, 
9 
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reated by averaging the single frames over the quasi-steady-state 

njection period between 5 and 13 ms, which at the frame rate of 

0 kHz are approximately 160 images per injection. 

As the flow in the nozzle bore is cavitating, the light from the 

aser pulse is scattered away from the line-of-sight optical axis, 

nd therefore the areas appear dark on the image. The Diesel fuel 

ow in the main bore is not cavitating, and hence, no dark areas 

ppear in the visible areas. Some small optical distortions occur 

ue to not perfectly polished surfaces on the PMMA nozzles, the 

ransition between the PMMA nozzles and the sapphire bricks (see 

ig. 2 for reference) and fuel deposits. 

The standard nozzle design N101 with the centrically, 90 ° ar- 

anged nozzle bore ( Fig. 14 ) is supercavitating as the gaseous phase 

eaches the nozzle bore exit [63] . The fuel flow enters the main 

ore from the left side and hence the cavitation in the nozzle bore 

n the left side is more distinctive. At the nozzle bore inlet, the 

ow is fully cavitating around the circumference; however, after 

pproximately one times the diameter of the nozzle bore, the cav- 

tation is limited to the two side walls. This film-like cavitation 

long the nozzle bore walls has been observed by Reid et al. [66] in

heir optical in-nozzle flow investigation as well. The single-shot 

mage (ii) reveals the presence of transient cavitation in the mid- 

le of the nozzle bore; this cavitation bubble cloud travels close 

o the nozzle bore axis of symmetry towards the orifice, causing a 

arkening of the averaged image (iii). Interestingly enough, at the 

ime instance when the single shot has been taken, despite inject- 

ng with full pressure, the vapor bubbles do not elongate and form 

tring-like cavitating structure reported in previous studies [67] . 

FD predicts very similar phenomena as the measurement; chosen 

sovolumes of cell fuel vapor pressure fraction using a threshold 

f 0.4 to 1 visualize the vapor formation along the entire nozzle 

ore. The extent and location of cavitation inception at the noz- 

le bore inlet show very good agreement between experiment and 

imulation. The presence of a coherent film-like vapor layer on the 

pper and lower walls of the bore reach the nozzle bore exit and 

ndicate a pattern of supercavitation. Again, simulation and exper- 

mental results are in good agreement ( Fig. 14 iv)). 

The eccentrically arranged nozzle N104 ( Fig. 15 ), where the 

ozzle bore has an angle of 90 ° and an eccentricity of 0.8 mm 

ith respect to the axis of the main bore (see Fig. 3 for refer-

nce), shows a different cavitation pattern: due to the axis of the 

ccentricity, the cavitation zones refract most of the incoming light 

way, resulting in almost completely dark nozzle bores. The single- 

hot (ii) scarcely reveals non-cavitating zones on the left and right 

ide of the nozzle bore, indicating that the supercavitation zone is 

otated into the optical axis. The fuel flow also enters the horizon- 

al main bore from the left side, although the cavitation patterns at 

he nozzle bore inlet indicate strong flow lines from the right side. 

his is due to the flow pattern in the nozzle main bore that diverts

he flow as visible in the streamline CFD result for nozzle N105 in 

ig. 12 ii). The measured average momentum flux shows that the 

ccentric nozzle has less beneficial flow properties compared with 

he other nozzle layouts investigated. CFD attains good agreement 

ith the experiments (see Fig. 15 iv)). As a result of the eccentric 

ozzle arrangement, geometric-induced cavitation develops along 

he entire nozzle bore, reaching the orifice. Cavitation inception at 

he inlet of the nozzle bore shows strong similarities to the ex- 

erimental data data. A completely asymmetric vapor formation is 

ell captured ( Fig. 11, Fig. 15 ), while the location of the cavitating

ones is also well matched with the optical measurement results. 

pproximately at 2/3 times of the nozzle bore length, both experi- 

ents and simulation reveal the reattachment of vapor layer onto 

he upper and lower walls of the bore. The presence of the intact 

apor cloud experienced in the flow field results in the lowest dis- 

harge coefficient and velocity uniformity index among the nozzles 

nvestigated ( Table 2 ). 
10 
In the case of the 75 ° angled, centrically arranged nozzle bore 

esign N105 ( Fig. 16 ), the images are rotated so that the nozzle

ore walls appear vertical. As a result, the nozzle main bore on 

he upper side of the images is angled. The fuel enters the main 

ore from the left side. N105 nozzle also shows supercavitation. 

owever, the cavitation zone is completely focused on the right 

ide of the nozzle, where the angle between main and nozzle bore 

emains the sharpest. There are some additional small cavitation 

atterns at the nozzle bore inlet, but these, instead of elongating 

nd forming strings (as observed in [68] ), dissipate immediately, 

eaving all geometrical cavitation to one side of the nozzle bore. 

fter approximately 1/3 times the bore length, the gaseous region 

xpands and grows towards the orifice. N105 shows the most mod- 

rate level of cavitation compared to the other two nozzle designs. 

his also can be proven by examining the results of the numerical 

imulation ( Fig. 16 iv)). CFD results clearly show the lowest aver- 

ge cell gas fraction at the orifice for N105. Furthermore, the high- 

st velocity uniformity index and discharge coefficient have been 

btained by simulating the N105 design (see Table 2 ). It must be 

oted that the small dark area on the left side at the nozzle bore 

xit is an optical distortion and not cavitating flow as clearly visi- 

le by comparing the background (i) with the single-shot (ii) and 

veraged (iii) images. 

. Conclusions 

In this study, a TNH together with transparent PMMA nozzles 

ave been successfully used to acquire reliable in-nozzle flow im- 

ges under large two-stroke marine Diesel engine like fuel pres- 

ure conditions. Three simplified (one-hole instead of five-hole 

etup) real-size cylindrical nozzle geometries with real Diesel fuel 

ave been tested. Interpretation of the acquired experimental im- 

ges has been supported by CFD predictions of the in-nozzle flow. 

he experimental in-nozzle flow visualization has shown cavitation 

atterns in the nozzle bore with high contrast and temporal reso- 

ution. Impingement measurements have been executed to provide 

uantitative comparison of the nozzle performance and to validate 

FD simulations. A ddiscrepancy of less than 6% between exper- 

ment and simulation has been achieved. Calculated nozzle dis- 

harge coefficients and cell vapor fractions analyzed at the orifice 

resent very similar trend to those of experimental findings of this 

tudy. CFD results have accurately captured the location and ex- 

ent of cavitation inception for all nozzle layouts investigated. In all 

ases, the predicted vapor formation inside the nozzle bore shows 

 good match compared with experiments. The quantitative and 

ualitative comparisons of the cavitation patterns have proven the 

pplicability and functionality of the CFD simulation presented. 

Significant differences among the nozzle layouts have been 

ound. Clearly, the geometric characteristics of the nozzle bore lo- 

ation and its direction have a dominant effect on the type, vol- 

me and evolution of cavitation formation. Cavitation in the stan- 

ard nozzle design (N101) is characterized mainly by cavitation in- 

eption at the bore inlet and film-like cavitation along the upper 

nd lower walls of the nozzle bore reaching the orifice. Interest- 

ngly enough, the evolution of cavitation over time shows the de- 

elopment of supercavitation and, then at a later stage, by reaching 

 quasi-steady state, the reappearance of cloud and film-like cav- 

tation formation. The eccentric nozzle bore arrangement (N104) 

s responsible for a highly asymmetric flow field and thus vapor 

ormation in the nozzle bore. The injected fuel suffers significant 

osses after entering the nozzle bore. A large extent of separation 

one forms on the opposite side of eccentricity. Supercavitation is 

resent on the left side of the bore, initiated from the sharp inlet 

nd reaching the bore exit. Regarding the angled nozzle (N105), su- 

ercavitation also can be realized. Vapor formation appears at the 

harp inlet between main and nozzle bore and then develops along 
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he entire nozzle bore, mainly located on one side of the nozzle. 

mall bubbles dissipate at the nozzle bore inlet without evolving 

nto more extended cavitation volumes. After approximately 1/3 

imes the nozzle bore length, the gaseous zone expands and grows 

owards the orifice. The comparison of the three nozzles suggests 

hat the standard nozzle N101 has the highest velocity and most 

urbulent flow, while the eccentric nozzle (N104) gives the lowest 

alues in this regard. Using the N104 eccentric nozzle geometry 

ives the lowest discharge coefficient, thus being the most disad- 

antages choice among the nozzles tested. The angled nozzle N105 

roduces by far the lowest level of cavitation, the highest discharge 

oefficient, and highest momentum flux. Therefore, the N105 de- 

ign is the optimal nozzle layout to be used as atomizer for large 

wo-stroke marine Diesel engine injectors. These findings will be 

urther used as start of a more detailed investigation on large two- 

troke marine Diesel engine injector nozzle optimization. 
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