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Motivation: Understanding String Cavitation

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

In addition, it has been found to
be present in marine Diesel and
In gasoline injectors

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

ﬁBottom View Sac-type nozzle
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Background Knowledge on String Cavitation

Temporal and spatial mean of bottom view images can reveal:

Frequency of string appearance

Experiment

Supported
by

—

frequency of
appearance

CN=15, Re= 62200

f/m’a’

yics I At LES Predictions of the Vortical Flow Structures in Diesel Injector Nozzles RESEARCH
2=



String Cavitation: Location of Development

3-D reconstruction of visual cavitation strings

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

Predicted stream
lines

3-D reconstruction
of visual cavitation
string
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String Cavitation
String cavitation could be more critical in tapered hole nozzles

Cylindrical Tapered

Needle lift:
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String Cavitation

These large-scale vortical structures are highly transient and
are strongly affected by the nozzle geometry, operating
conditions, needle motion, etc

Vortex flow inside
the injection hole
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Presentation Outline

Large Eddy Simulation

Details on cases studied

Assessment of the numerical model

Large turbulent structures
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Description of the LES Methodology

The large, energy containing scales of the turbulent field are solved
directly using the Navier-Stokes equations for the filtered flow field:
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The effect of the small turbulent scales is introduced by the
unresolved stress tensor:
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Sub-grid scale modelling

Assuming that the smaller-scales of turbulence present a global character,
they can be modelled by a local zero equation model:

1 ~ 1=
iljj_g & i =2 Sj_gs«
where the turbulent viscosity is provided by the Smagorinsky model:
t :( >CS)ZH ‘—é{: 255 GCs=01

The LES instantaneous results are time averaged providing first and
second order statistics
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Wall treatment

The non slip boundary condition along the wall diminishes the turbulent
fluctuations. However, the original Smagorinsky model overpredicts near-
wall turbulent viscosity due to the high gradients of the resolved scales at
the vicinity of the wall. For this reason the Van Driest function is used to

1

scale down the filtering width: . y'o2

=V3l-e”

The so called large turbulent scales are comparable to the integral length
scales of the flow and are captured by the fine resolution of the LES grid.
At each position of the flow an integral time scale can be assigned:
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Test cases linked to past experiments
Enlarged transparent model of the same injector in which LDV
measurements were made, along with high speed CCD imaging

Real-size Diesel injector which was investigated experimentally by acquiring
CCD images

Large scale nozzle

Real size nozzle and the
attached transparent window

Both cases have been simulated numerically using LE S and RANS me thodologies
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Discretisation of Geometry

Computational Gr
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The resolution of the grid for the simulation of the flow w
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Simulation details — Large scale & Real size nozzle

Operating conditions and numerical parameters

Inlet Outlet Inlet Timeste Simulation
conditions conditions | turbulence P time
Mass flow Pressure 0
Large scale | ngaskg/s | 1.27 bar oY Ls > ms
Real size Pressure Pressure 5% 10 ns 50 s
1650 bar 150 bar

The operating conditions for the large scale nozzle are based on the
single-phase flow experiment

In contrast, for the real size nozzle the selected conditions
correspond to cavitating flow in the experiment, but here only single-
phase simulation has been performed

For the real size case the computational grid covers half of the
Injector and has size of 2,550,000 cells
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Simulation details — Time scale issues

The timestep for both cases is selected to be smaller than the
time scales of the large turbulent fluctuations at the nozzle
hole outlet

The time scale of the turbulent fluctuations at the inlet Is
many times larger than both the time scales of turbulence
Inside the orifice and even the total simulation time

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

For the large-scale nozzle, the LES predictions are compared to:

LDV measurements RANS turbulent models

Standard k -

Realizable k -

RNG k-

Reynolds Stress Model (RSM)
Standard k -

SST k-
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Large -scale nozzle results — Model validation

Comparison between LDV measurements, LES results and RANS
Axial Velocity, Upstream the nozzle sac volume

In this upstream location there is very good agreement between the
measured axial velocity and the predicted ones, for all models. However,

in the RMS values all RANS models appear to perform better than LES,
with the standard k- doing very well

Axial Velocity - Z = 25.0 mm
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Normalised Axial RMS Velocity, URMSIUinj

0.20

Axial RMS Velocity - Z = 25.0 mm

0.15 +

0.10 1

0.05 A

® Experiment LES
Standard k-¢ Realizable k-¢
—RNG k-¢ RSM
Standard k-w —— SST k-w

LES Predictions of the Vortical Flow Structures in Diesel Injector Nozzles

0.75

0.|50 1.00
Position from Needle, x/L

ﬂm‘{/
RESEARCH



Large -scale nozzle results — Model validation

G

Comparison between LDV measurements, LES results and RANS
Axial Velocity, Normal plane opposite the hole inlet

Here all models show reasonable agreement with the experimental axial
velocity. However, for the RMS it appears that the standard k- still
performs best
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Large -scale nozzle results — Model validation

Comparison between LDV measurements, LES results and RANS

Injection hole direction, 1t plane inside the injection hole

Inside the hole there is reasonable agreement between experiment and

all RANS and the LES axial velocity prediction. It is noteworthy that in the
RMS comparison LES appears to match best the experiment, especially
near its peak. RANS models follow the trend, but predict less RMS

values at the exp. peak
Hole Axial Velocity - X = 9.5 mm
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Hole Axial RMS Velocity- X = 9.5 mm
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ﬁﬁLarge -scale nozzle results — Model validation

Normalised Axial Velocity, UIUinj

Comparison between LDV measurements, LES results and RANS
Injection hole direction, 2"d plane inside the injection hole

Again, inside the hole there is reasonable agreement between experiment
and all RANS and the LES axial velocity prediction. Once again the LES

RMS appears to match best the experimental one, especially near its peak.
RANS again models follow the trend, but predict less RMS values at the

exp. peak

Hole Axial Velocity - X =10.5 mm
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Large -scale nozzle pressure field

RANS

Similar result for the structure of RANS
with the LES mean pressure field

Instantaneous

However the instantaneous
solution provides a more detailed

— RANS & LES

Mean
LES

LES

representation of the turbulent structures
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Coherent turbulent structures within the Real size injector

As seen from a turbulent time scale analysis, the time
resolution of the LES methodology is much finer than the time
step typically utilized in unsteady RANS simulations

In the iso-pressure and stream lines animations the fine
structure of the resolved turbulent scales is revealed

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

The single-phase simulation presented here does not account
for cavitation effects, thus any comparison with experiments is
unfeasible
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LES predictions - Pressure field animation

Real size nozzle il
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LES predictions - Flow field animation

Real size nozzle il
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Pressure 1so -surface linking adjacent holes
Similarity with string cavitation

Real size nozzle

Large -scale nozzle
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Concluding Remarks

Comparison against LDV measurements shows that RANS
models, and especially the standard k- model, do not
underperform in relation to the LES. However, LES shows to be
superior in regions of the flow where significant turbulence Is
present

In both nozzles the flow exhibits a large variation in turbulent
time scales at the nozzle entrance. One could conclude that
Inlet disturbances are too slow in relation to the fluctuations
Inside the orifices of the nozzle

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

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

LES Predictions of the Vortical Flow Structures in Diesel Injector Nozzles



