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Motivation: Understanding String CavitationMotivation: Understanding String Cavitation

�� Has been identified in all geometries investigated so far, Has been identified in all geometries investigated so far, 
including both realincluding both real--size and largesize and large--scale, sacscale, sac--type and VCOtype and VCO--
type Diesel nozzles, with either cylindrical or tapered holes, type Diesel nozzles, with either cylindrical or tapered holes, 
whose inlet can be either sharp or roundedwhose inlet can be either sharp or rounded

�� Transient phenomenon, strongly Transient phenomenon, strongly 
linked with the vortical structures linked with the vortical structures 
forming inside the sac volume forming inside the sac volume 
and the injection holesand the injection holes

Bottom Bottom View   View   SacSac--type type nozzlenozzle

�� In addition, it has been found to In addition, it has been found to 
be present in marine Diesel and be present in marine Diesel and 
in gasoline injectorsin gasoline injectors
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CN=15, Re= 62200 CN=15, Re= 62200 

Background Knowledge on String CavitationBackground Knowledge on String Cavitation

Temporal and spatial mean of bottom Temporal and spatial mean of bottom view images view images can reveal:can reveal:
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String Cavitation: Location of DevelopmentString Cavitation: Location of Development

�� 33--D reconstruction of visual cavitation stringsD reconstruction of visual cavitation strings

�� Superimposed on calculated flow structure: Superimposed on calculated flow structure: strings are strings are 
found at the core of recirculation zonesfound at the core of recirculation zones

33--D reconstruction D reconstruction 
of  visual cavitation of  visual cavitation 
stringstring

Predicted stream Predicted stream 
lineslines
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String CavitationString Cavitation
�� String cavitation could be more critical inString cavitation could be more critical in taperedtapered hole nozzleshole nozzles

2020mmmmmmmmmm

CylindricalCylindrical TaperedTapered

Needle lift:Needle lift:
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Vortex flow inside Vortex flow inside 
the injection holethe injection hole

String CavitationString Cavitation

�� These largeThese large--scale vortical structures are highly transient and scale vortical structures are highly transient and 
are strongly affected by the nozzle geometry, operating are strongly affected by the nozzle geometry, operating 
conditions, needle motion, etcconditions, needle motion, etc
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�� Large Eddy SimulationLarge Eddy Simulation

�� Details on cases studiedDetails on cases studied

�� Assessment of the numerical modelAssessment of the numerical model

�� Large turbulent structures Large turbulent structures 

Presentation OutlinePresentation Outline
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�� The large, energy containing scales of the turbulent field are sThe large, energy containing scales of the turbulent field are solved olved 

directly using the Navierdirectly using the Navier--Stokes equations for the Stokes equations for the filteredfiltered flow field:flow field:

�� Where:Where:

�� The The effect of the small turbulent scales is introduced by the effect of the small turbulent scales is introduced by the 

unresolved stress tensorunresolved stress tensor::

Description of the LES MethodologyDescription of the LES Methodology

( )
32,1,j,

x

�

x

�~

x
p~

x

u~u~�

t

u~�

i

u
ij

i

ij

ji

jij =
¶

¶
+

¶

¶
+

¶
¶

-=
¶

¶
+

¶

¶

ijij
k

k

i

j

j

i
ij

k

k
ij S2�

x
u~

�
3
2

x

u~

x
u~

��
x
u~

�
3
2

�~ +
¶
¶

=�
�
�

�
�
�
�

�

¶

¶
+

¶
¶

+
¶
¶

= �

( )jiji
u
ij u~u~uu�� --=



LES Predictions of the Vortical Flow Structures in Diesel Injector Nozzles

Assuming that the smallerAssuming that the smaller--scales of turbulence present a global character, scales of turbulence present a global character, 

they can be modelled by a local zero equation model:they can be modelled by a local zero equation model:

where the turbulent viscosity is provided by the where the turbulent viscosity is provided by the Smagorinsky Smagorinsky model:model:

The The LES instantaneous results are time averaged providing first and LES instantaneous results are time averaged providing first and 

second order statisticssecond order statistics

SubSub --grid scale modellinggrid scale modelling
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�� The non slip boundary condition along the wall diminishes the tuThe non slip boundary condition along the wall diminishes the turbulent rbulent 

fluctuations. However, the original Smagorinsky model overpredicfluctuations. However, the original Smagorinsky model overpredicts ts nearnear--

wall turbulent viscositywall turbulent viscosity due to the high gradients of the resolved scales at due to the high gradients of the resolved scales at 

the vicinity of the wall. the vicinity of the wall. For this reason the For this reason the Van DriestVan Driest function is used to function is used to 

scale down the filtering widthscale down the filtering width::

�� The The so called large turbulent scales are comparable to the integral so called large turbulent scales are comparable to the integral length length 

scales of the flow and are captured by the fine resolution of thscales of the flow and are captured by the fine resolution of the LES grid. e LES grid. 

At each position of the flow an At each position of the flow an integral time scaleintegral time scale can be assigned:can be assigned:

Wall treatmentWall treatment
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�� Enlarged Enlarged transparent model of the same injector in which LDV transparent model of the same injector in which LDV 

measurements were made, along with high speed CCD measurements were made, along with high speed CCD imagingimaging

�� RealReal--size Diesel injector which was investigated experimentally by acsize Diesel injector which was investigated experimentally by acquiring quiring 

CCD imagesCCD images

Large scale nozzleLarge scale nozzle
Real size nozzle and theReal size nozzle and the
attached transparent windowattached transparent window

Test cases linked to past experimentsTest cases linked to past experiments

Both cases have been simulated numerically using LE S and RANS meBoth cases have been simulated numerically using LE S and RANS me thodologiesthodologies
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Computational Grid:Computational Grid:

The resolution of the grid for the simulation of the flow withinThe resolution of the grid for the simulation of the flow within the real size the real size 

injector has been designed to meet the nearinjector has been designed to meet the near--wall requirements imposed by wall requirements imposed by 

the LES methodology reaching up to 850,000 cells per 60 degrees the LES methodology reaching up to 850,000 cells per 60 degrees sectorsector

Discretisation of GeometryDiscretisation of Geometry
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�� The operating conditions for the large scale nozzle are based onThe operating conditions for the large scale nozzle are based on the the 

singlesingle--phase flowphase flow experimentexperiment

�� In contrast, for the real size nozzle the selected conditions In contrast, for the real size nozzle the selected conditions 

correspond to correspond to cavitating flowcavitating flow in the experiment, but here only singlein the experiment, but here only single--

phase simulation has been phase simulation has been performedperformed

�� For the real size case the For the real size case the computational grid covers half of the computational grid covers half of the 

injector and has size of injector and has size of 2,550,000 cells2,550,000 cells

Operating conditions and numerical parametersOperating conditions and numerical parameters

Inlet 
conditions 

Outlet 
conditions 

Inlet 
turbulence  Timestep Simulation 

time 

Large scale Mass flow 
0.0845 kg/s 

Pressure 
1.27 bar 

5% 1 � s 5 ms 

Real size Pressure 
1650 bar 

Pressure 
150 bar 

5% 10 ns 50 � s 
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�� The timestep for both cases is selected to be smaller than the The timestep for both cases is selected to be smaller than the 
time scales of the large turbulent fluctuations at the nozzle time scales of the large turbulent fluctuations at the nozzle 
hole outlethole outlet

�� The The time scale of the turbulent fluctuations at the inlet is  time scale of the turbulent fluctuations at the inlet is  
many times larger than both the time scales of turbulence many times larger than both the time scales of turbulence 
inside the orifice and even the total simulation timeinside the orifice and even the total simulation time

�� Despite the above, for both cases at the inlet a parabolic Despite the above, for both cases at the inlet a parabolic 
profile was assumed for the superimposed turbulent velocity profile was assumed for the superimposed turbulent velocity 
fluctuations, whose intensity was assumed to be 5%fluctuations, whose intensity was assumed to be 5%

Simulation details Simulation details –– Time scale issuesTime scale issues
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For the largeFor the large--scale nozzle, the LES predictions are compared to:scale nozzle, the LES predictions are compared to:

LDV measurementsLDV measurements RANS turbulent modelsRANS turbulent models

LargeLarge --scale nozzle resultsscale nozzle results

�� Standard kStandard k --��

�� Realizable kRealizable k --��

�� RNG kRNG k--��

�� Reynolds Stress Model (RSM)Reynolds Stress Model (RSM)

�� Standard kStandard k --��

�� SST kSST k--��
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Comparison between LDV measurements, LES results and RANS

LargeLarge --scale nozzle results scale nozzle results –– Model validationModel validation

Axial Velocity, Upstream the nozzle sac volume

Mean RMS

In this upstream location there is very good agreement between tIn this upstream location there is very good agreement between the he 

measured axial velocity and the predicted ones, for all models. measured axial velocity and the predicted ones, for all models. However, However, 

in the RMS values all RANS models appear to perform better than in the RMS values all RANS models appear to perform better than LES, LES, 

with the standard kwith the standard k--�� doing very welldoing very well
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LargeLarge --scale nozzle results scale nozzle results –– Model validationModel validation

Axial Velocity, Normal plane opposite the hole inletAxial Velocity, Normal plane opposite the hole inlet

MeanMean RMSRMS

Here all models show reasonable agreement with the experimental Here all models show reasonable agreement with the experimental axial axial 

velocity. However, for the RMS it appears that the standard kvelocity. However, for the RMS it appears that the standard k--�� still still 

performs bestperforms best

Comparison between LDV measurements, LES results and RANS
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LargeLarge --scale nozzle results scale nozzle results –– Model validationModel validation

Injection hole direction, 1Injection hole direction, 1stst plane inside the injection holeplane inside the injection hole

MeanMean RMSRMS

Inside the hole there is reasonable agreement between experimentInside the hole there is reasonable agreement between experiment and and 
all RANS and the LES axial velocity prediction. It is noteworthyall RANS and the LES axial velocity prediction. It is noteworthy that in the that in the 
RMS comparison LES appears to match best the experiment, especiaRMS comparison LES appears to match best the experiment, especially lly 
near its peak. RANS models follow the trend, but predict less RMnear its peak. RANS models follow the trend, but predict less RMS S 
values at the exp. peakvalues at the exp. peak

Comparison between LDV measurements, LES results and RANS
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MeanMean RMSRMS

LargeLarge --scale nozzle results scale nozzle results –– Model validationModel validation

Injection hole direction, 2Injection hole direction, 2ndnd plane inside the injection holeplane inside the injection hole

Again, inside the hole there is reasonable agreement between expAgain, inside the hole there is reasonable agreement between experiment eriment 
and all RANS and the LES axial velocity prediction. Once again tand all RANS and the LES axial velocity prediction. Once again the LES he LES 
RMSRMS appears to match best the experimental one, especially near its appears to match best the experimental one, especially near its peak. peak. 
RANS again models follow the trend, but predict less RMS values RANS again models follow the trend, but predict less RMS values at the at the 
exp. peakexp. peak

Comparison between LDV measurements, LES results and RANS
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Similar result for the structure of RANS Similar result for the structure of RANS 

with the LES mean pressure with the LES mean pressure fieldfield

However the instantaneous However the instantaneous 

solution provides a more detailed solution provides a more detailed 

representation of the turbulent structuresrepresentation of the turbulent structures

LargeLarge --scale nozzle pressure field scale nozzle pressure field –– RANS & LESRANS & LES

Mean 
LES

RANS

Instantaneous Instantaneous 
LESLES
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�� As seen from a turbulent time scale analysis, the As seen from a turbulent time scale analysis, the time time 
resolutionresolution of the LES methodology is much of the LES methodology is much finerfiner than the than the time time 
stepstep typically utilized in typically utilized in unsteady RANSunsteady RANS simulationssimulations

�� In theIn the isoiso--pressure pressure and and stream linesstream lines animations the fine animations the fine 
structure of the resolved turbulent scales is revealedstructure of the resolved turbulent scales is revealed

�� Note that the smallest scales of the turbulent flow field reachiNote that the smallest scales of the turbulent flow field reaching ng 
down to the down to the Kolmogorov Kolmogorov scale are scale are inherently not capturedinherently not captured

�� The The singlesingle--phasephase simulation presented here does simulation presented here does not accountnot account
for for cavitationcavitation effects, thus any comparison with experiments is effects, thus any comparison with experiments is 
unfeasibleunfeasible

Coherent turbulent structures within the Real size injectorCoherent turbulent structures within the Real size injector
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Coherent turbulent structures within the injector

LES predictions LES predictions -- Pressure field animationPressure field animation

Real size nozzleReal size nozzle
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LES predictions LES predictions –– Flow field animationFlow field animation

Real size nozzleReal size nozzle
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Pressure isoPressure iso --surface linking adjacent holessurface linking adjacent holes
Similarity with string cavitationSimilarity with string cavitation

Real size nozzleReal size nozzle

LargeLarge --scale nozzlescale nozzle
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�� Comparison Comparison against LDV measurements shows that against LDV measurements shows that RANSRANS
models, and especially the standard kmodels, and especially the standard k--�� model, do not model, do not 
underperform in relation to theunderperform in relation to the LESLES. However, . However, LESLES shows to be shows to be 
superiorsuperior in regions of the flow where in regions of the flow where significant turbulencesignificant turbulence is is 
presentpresent

�� In In both nozzles the flow exhibits a both nozzles the flow exhibits a large variation in turbulent large variation in turbulent 
time scalestime scales at the nozzle entrance. One could conclude that at the nozzle entrance. One could conclude that 
inlet disturbancesinlet disturbances are are too slowtoo slow in relation to the fluctuations in relation to the fluctuations 
inside the orifices of the inside the orifices of the nozzlenozzle

�� From From the LES simulations, the LES simulations, fine time scalesfine time scales and and spatial spatial 
structuresstructures are revealed for the flow within the injector, which are are revealed for the flow within the injector, which are 
not captured using steady or unsteady RANS not captured using steady or unsteady RANS methodologiesmethodologies

�� The The instantaneous pressure field can reveal low pressure instantaneous pressure field can reveal low pressure 
regions connecting the inlets of adjacent injector orifices akinregions connecting the inlets of adjacent injector orifices akin to to 
the shape of string cavitationthe shape of string cavitation

Concluding RemarksConcluding Remarks


