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Low exhaust emissions High thermal efficiency

Gasoline direct
Injection engine

Swirl injector Slit injector Multi-hole injector




: Introduction
I

High injection pressure

» Toenhance atomization and vaporization

» To prepare homogeneous mixture by strong spray penetration

> lIssue: Cavitation inside the nozzle

l

» Enhancement of atomization

» Erosion inside the nozzle

» Deterioration of the coefficient of flow discharge




. Objectives

As the demand of increasing injection pressure of gasoline
DI spray Is getting strong, cavitation phenomenon becomes
Important in predicting the in-nozzle flow. Two kinds of
cavitaion model, quasi-steady dynamic bubble model and
discrete bubble tracking model are proposed here and
Implemented into a commercial code FLUENT 6.4. The
results and discussion will be shown in this presentation.




Geometry and mesh

Calculated geometry (the same configuration as experiment)

Inlet 2.8[mm] 0.95[mm] outlet

0.515
[mm]

AXI-Symmetric

Calculated mesh Parcel source

e Mesh type: Tet+Hex 0.01mm from wall
e Boundary layer: 0.515
Height of First layer is 0.5pm oo i = I

0.22
[mm]

10 layers
 Number of meshes: 20,000

v




: Methodology

In-nozzle flow calculation

Two-phase flow including the interface
must be modeled;

VOF (Volume of Fluid)

Gas phase: Eulerian method Cavitation treatment

Liquid: Eulerian method
Small bubbles are dissolved in
Tracking free surface: VOF function the fuel

Gas phase : iqui Bubbles appear as pressure

o decreases under saturated one
Liquid-gas
surface




Cavitation model

* Basic flow

Calculate cell pressure

i

P<P,,&VOF>0 P>P.,&VOF<1

sat sat

yes i

Bubble grow-up Bubble condense Do
Cal. new diameter Cal. new diameter of nothing
of bubble bubble

| |
v

Cal. Volume change

Add source to VOF




. Calculation conditions
|

2D axi-symmetric Boundary conditions
Transient Inlet pressure Outlet 1o
Standard k- turbulence DLy p[rl\ej;‘;']re

model

VOF model

Liquid Gas
Density [kg/m3] 830
Viscosity [kg/m-s]  0.00332




Cavitation model

* Quasi-steady dynamic bubble model R: diameter of bubble

Rayleigh-Plesset eqution g density of liquid
P pressure inside bubble

2
R C:jtlj + — 3 (C;Tj 1 {p’(R) —p,.(t)- 4: (i:? — 2;} er-mbieT]t pressure
A/ viscosity

3 &7/ surface tension of liquid.
Y — Y
Py ( R’ ) = ng( 7R ) p£/non-condensable gas pressure

p&J/vaporization pressure

!
L= A, psatﬂAK j (P + S 201
!

op ~ Psat T 2% Estimation of gas volume (= Vi * Number of bubbles)
0

B P, — P + 2% Bubble radius is calculated every time step and cell.

10



Result: Quasi-steady dynamic bubble model

Pin: 8MPa, Pout: 3MPa,

>MPa

Experlment at Toyota C R.L.
(Line-of-sight image)

|
Cavitation grown-up process on center cross-section




~ Cavitation model

DDM for spray calculations Discrete bubble tracking model
The diameter of bubble was calculated by

Gas phase: Eulerian method
Rayleigh-Plesset eqution

Momentum exchange
Heat exchange
Mass exchange

liquid: Lagrangian method
Psat > P Bubble grow-up

P> P Bubble condense

Estimation of gas volume
(= Vi * Number of bubbles)

As each parcel’s information is saved,
Parcel its history is preserved spatially.




. Calculation conditions

2D axi-symmetric
Transient

Standard k- turbulence
model

VOF model
DPM (Discrete Phase model)

Boundary conditions

To reduce the total parcel number, bubble
parcels were discharged from just near the
nozzle entrance.

Inlet pressure Outlet np
[Mpa] pressure [Mpa]
[Mpa]

Density [kg/m3]
Viscosity [kg/m-s] 0.00332 7E-6

830 9.4




~Result: Discrete bubble tracking model

Pin: 8MPa, Pout: 3.5MPa, L P4.5MPa
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~Result: Discrete bubble tracking model

Pin: 8MPa, Pout: 3MPa, P5SMPa
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~Results-Discrete bubble tracking model

|
Pin: 8MPa, Pout: 2MPa, [ P.6MPa

1.00e+01

9.00e-01

8.00e-0L E— EXperiment
70601 (Line-of-sight)
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Cavitation grown-up process on center
Cross-section




Results: Discrete bubble tracking model

K,=0.5,K,=0.5  K,=1.0, K,=1.0

Effect of K on cavitation formation
Initial bubble radius Initial gas volume

3p Al Effect of initial condition on

cavitation formation

gas R liquid




~Result: Discrete bubble tracking model

I Pin: 100MPa, Pout: 0.1MPa,[P:99.9MPa

cavitation causes unstable and
uneven gas-liquid surface and

may enhance the primary

atomization of fuel jet
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: summary

| Two kinds of cavitation model (quasi-steady dynamic bubble
model and discrete bubble trackln_? model) are proposed and
used to simulate a two-phase cavitation flow of fuel and gas
Inside an axi-symmetrical nozzle.

: _ did not show a good
agreement with the experiment and that the stability was not
good to calculate higher pressure difference conditions.

_ that includes the
transportation of bubble parcels in Lagrangian method and
the temporal change of bubble diameter using Rayleigh's
expression could obtain converged solutions even for high
differential pressure between the nozzle entrance and the
exit up to 100 MPa. This model can predict the cavitation

henomenon for different conditions qualitatively compared
0 the experimental results.




: summary
|

3. The sensitivity of the initial bubble diameter and initial
volume fraction of total gas phase was found not large.

4. Unsteady calculation of fuel injection with cavitation
model was carried out. It was found that cavitation
causes unstable and uneven gas-liquid surface and may
enhance the primary atomization of fuel jet.







. Result: Discrete bubble tracking model

| Pin: 100MPa. Pout: 0.1MPa, [IP:99.9MPa | ‘
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Abstract

Direct fuel injection system is getting popular in internal combustion engines due to the superior performance in fuel
economy and power. To optimize the fuel-air mixture distribution inside the cylinder, the geometry of nozzle and
the mixture formation process must be well designed. To attain this, the numerical simulation will be a good tool,
but the prediction ability is not enough for the practical design. In this study, a two-phase flow of fuel and gas in-
cluding cavitation inside an axi-symmetrical nozzle was evaluated to improve the prediction ability. Two kinds of
cavitaion model (quasi-steady dynamic bubble model and discrete bubble tracking model) are proposed and imple-
mented into a commercial code FLUENT 6.4. As a result, the discrete bubble tracking model could obtain con-
verged solutions even for a high differential pressure conditions between the nozzle entrance and the exit up to 100
MPa and predict the cavitaion phenomenon qualitatively.

Introduction

The demand for thermal efficiency and low exhaust gas emissions for internal combustion engines has become
more stringent in the past yeas. As a consequence, studies of a direct injection diesel or gasoline engine have been
carried out. Many kinds of injectors are used for direct injecting internal combustion engines, where in case of a
swirl type injector the spray profile changes with the ambient gas pressure [1]. A slit-type injector on the other hand
keeps a strong momentum due to fan-shaped spray characteristics [2]. Multi-hole type is used for its good controlla-
bility of the spray shape [3] and outward-opening hollow-cone type injectors are used in spray-guided systems [4].

In order to enhance the spray atomization and the following evaporation, a high injection pressure is suitable, but
this also causes too strong spray penetration and cavitation inside the nozzle. Cavitaion can enhance the atomization
of droplets, but also causes an erosion inside the nozzle and the reduction in the coefficient of discharge. Thereby,
the optimized nozzle configuration has been empirically designed. Recently, development of CFD has produced
successes in designing engine geometrical configurations, such as intake pipe/port, combustion chamber and exhaust
gas port/pipe. The prediction of in-cylinder air-fuel mixture distribution has not been well predicted due to ambigui-
ties, such as initial/boundary conditions at the fuel nozzle exit and turbulence modeling for two-phase flow.

In this paper, two kinds of cavitaion model (quasi-steady dynamic bubble model and discrete bubble tracking
model) are proposed and implemented into a commercial code FLUENT 6.4. Evaluations of the models were made
for a simple axi-symmetric nozzle flow.

Cavitation Model

Assumptions - In this study, cavitation consists of spherical bubbles and each bubble grows from a quite small
bubble, whose diameter is determined at a constant value of Ry, not dissolved in the liquid when the ambient pres-
sure decreases down to the saturated pressure at that temperature. On the other hand, as the ambient pressure recov-
ers over the saturated pressure at that temperature, the bubbles start to condense and its diameter reduces down to R,,.
The initial number density of bubbles, Ny and its diameter, R, are given as the initial conditions. The temperature of
both liquid and gas phases is assumed constant. The change of mass due to phase changing is not accounted for.



A commercial code of FLUENT 6.4 was used for calculations and cavitation models were implemented by the au-
thors using User-Defined-Functions.

Quasi-steady dynamic bubble model - In this model, a quasi-steady change of cavitation was assumed; the vari-
ation of gas phase volume fraction was estimated just accounting for the change of bubble radius based on Ray-
leigh-Plesset equation.

d?R 3(drR)® 1 4udR 20

R—+=| — | ==<p' (R)- p,(t)-—F—-— 1

A R T S

Here, R is a diameter of bubble, t time, p ambient pressure, p_, pressure far away, p' pressure inside bubble, p viso-
cosity, o surface tension of liquid. p' can be expressed by Eq. (2).

! ’ 2 R 3;/ !
p =(pwo —p, +;J(R°j +p, @
0

Here, p_,is ambient pressure, p; vapor pressure, y polytropic change index. Substituting Eq. (2) for (1), Eg. (3)
reads.

2 2 3y
Rd 2R+§(dj) zl pwo_ p\’/+2£ (Roj _ pw(t)_ﬂdj_zﬁ (3)
dtz  20dt)  p R, \ R Rd R

For simplification, some assumptions were made; p! is constant, viscosity ignorable and quasi-steady change. The-
reby, the following Eq. can be read.

3
P, = p&+[pwo— p&+26][R°j 2@

R R
This can be reformulated as Eq. (5).

®)

It is known that bubble starts to grow drastically as the ambient pressure decreases down to the critical pressure R ,
with the critical bubble diameter, p [5].

/ b
Res = R0{3(p°°° —Pup, +1j} ®)
20

4o (7
3Res
Properly, Eq. (5) should be solved iteratively, however, the following assumption was made.

Pes = px(RCS): py -

if o < Pcs
(8)

if P. > Pcs

Once R is estimated, the gas phase volume, Viq in each calculation mesh with a volume of V; can be calculated by Eq.
(9).
4

3
Vig = NV, g7zR 9)
The number density, N was determined by Eq. (10) suggested by Alajbegovic [6].



N, if C<05
N = .
2(Ng-1)1-C)+1 if C>05
(10)
Here, C is volume fraction of gas-phase in each calculation mesh. Using this assumption, the coalescence or breakup
of bubbles can be modeled.

Discrete bubble tracking model - In this model, the transportation of bubble parcels were calculated in Lagran-
gian method called DPM (Discrete Phase Model) in FLUENT or DDM (Discrete Droplet Model) in common. Each
‘parcel’ consists of many bubbles that have the same properties, such as the diameter. Using parcels, the increase in
calculation cost-up can be drastically reduced. The basic idea of this model is the same as of quasi-steady dynamic
bubble model except that the transportation of bubbles is solved

The variation of bubble diameter, R is determined by Rayleigh's equation [5].

Rd2R+3(de2:p—pw (11)
dt? 2\ dt P

The increment of bubble diameter can be expressed by Eq. (12) using a time-step, At.

Rk [HP=P=) o (12)
3p
Once dR is estimated, the gas-phase volume, Vj4 in each calculation mesh with a volume of V;can be estimated. K is
a coefficient and set at 1.0 in standard.

Comparing this model to quasi-steady dynamic bubble model, the spatial distribution of parcels can be precisely
predicted as each parcel's advection is solved and the calculation stability is much better. Meanwhile, the calculation
cost is much higher and the assumption of spherical bubble may not be used for some conditions because the accu-
racy of bubble tracking strongly affects the calculated results.

Results and Discussion

Calculation conditions - In order to evaluate the cavitations models, comparisons between calculation and mea-
surement were carried out for an axi-symmetric nozzle shown in Fig. 1. The nozzle radius at the inlet and outlet is
0.515 mm and a contracted nozzle with a radius of 0.22 mm

Inlet 2.8[mm] 0.95[mm] Outlet Table 1. Calculation conditions
Inlet pressure Outlet
0.515 A pressure
IR o pressure
) > 7.9[MPa] 3.4[MPa] 4.5[MPa]
6.3[mm]
7.9[MPa] 2.9[MPa] 5[MPa]
Figure 1. Configuration of an axi-symmetrical nozzle 7.9[MPa] 1.9[MPa] 6[MPa]

Parcel source

Table 2. Physical properties

! 0.01mm from wall Liquid phase | Gas phase
_____ 1 3 3
0.515 e i — Density | 830[kg/m?] | 9.4[kg/m?]
[mm] 0.25 Io 22 | 0.00332
; ' Viscosi 7e-6[kg/m-s
[mm] [mm] Y| [kg/m-s] [kg/m-s]

Figure 2. Location of parcel source

As the boundary condition, pressure at both the inlet and outlet was given as shown in Table 1. A standard k-¢
turbulence model was used. Small bubbles were supplied from a source near the nozzle entrance as shown in Fig. 2.
The initial bubble diameter was set at 2 um. The volume fraction of total gas phase was set at 0.1 %. The physical
properties for the working fluids are shown in Table 2.



Results using quasi-steady dynamic bubble model - Figure 3 is a comparison of calculation and measurement
at Ap = 5 MPa. As the measurement was made just by taking pictures using a back light, the image is line-of-sight
result and then, only the length of cavitation is available from this picture. This result demonstrates that the cavita-
tion starting point is just nozzle entrance and disappears just nozzle exit in the experiment while it starts a little
downstream and continues from the nozzle exit downstream. Thus, the prediction ability was not good and calcula-
tion was diverged for other differential pressure conditions.

Results using discrete bubble tracking model - Figure 4 is a comparison of calculation and measurement at Ap
=4.5,5 and 6 MPa. When Ap = 5 MPa, the cavitation length is underestimated in the calculation. Meanwhile, as Ap
= 6 MPa in the experiment, the cavitation reaches to the end of nozzle exit and bubbles flow out near the center-axis
in the expanded area. In the calculation, however, bubbles disappear downstream as condensation occurs and bub-
bles remain in the recirculation area near the nozzle exit in the expanded pipe where pressure is lower than saturated
vapor pressure. As the length of cavitaion seems to depend on the coefficient of K in Eq. (12) that determines the
expansion or contraction of bubbles, the effect of K was examined.

liquid
gas Ap=5MPa(calculation) Ap=5MPa(experiment)
Figure 3. Results of gas-phase volume fraction for Ap= 5MPa condition
using quasi-steady dynamic bubble model
liquid ‘] ‘
q ¥
Ap=4.5MPa(calculation) Ap=4.5MPa(experiment)
) Ap=5MPa(calculation) . o Ap=5MPa(experiment)

Ap=6MPa(calculation)

gt

— i F i £

Ap=6MPa(experiment)

Figure 4. Results of gas-phase volume fraction for Ap= 4.5, 5 and 6MPa
conditions using discrete bubble tracking model

Figure 5 shows the effect of K on cavitaion formation. K is an acceleration coefficient to change the bubble di-
ameter. Thereby, it can be expected that the cavitaion length becomes long as K takes over unity during the expan-
sion and/or it takes under unity during the contraction. However, no much difference was found in Fig. 5.



As other initial/boundary conditions, the initial bubble diameter, Ry and initial volume fraction of total gas-phase,
Vig Were varied to see the effect. Figure 6 shows that R, was varied from 1 to 4 um while Vig from 0.05 to 0.2 %.
Comparing the results to each other, not much difference was found. Thereby, these parameters are not so sensitive
to the predictions. This is favorable for predictions.

i |

0.002ms
K=1,0.5 K=1, 0.3 e
0.005ms ||
gas K:0.5, 0.5 K=1, 1 xﬁ 280605
0.01lms I

Figure 5. Effect of K on cavitaion formation
liquid J
H u T ot

Ro=1um V;;=0.05%
I I I I 0.02ms
Ro=2um Vig=0.1% Figure 7 Temporal variation of cavitation
gas I I I I bubbles at Ap = 100 MPa
Figure 7 shows temporal variation of bubbles with
Ro=4um Vig=0.2% the bubble diameter at Ap = 100 MPa. The bubbles are

quickly transported on the flow.
Figure 6. Effect of initial condition on cavitaion for-
mation

Conclusion

A two-phase flow of fuel and gas including cavitation inside an axi-symmetrical nozzle was evaluated to improve
the prediction ability. Two kinds of cavitaion model (quasi-steady dynamic bubble model and discrete bubble track-
ing model) are proposed and implemented into a commercial code FLUENT 6.4. As a result, discrete bubble track-
ing model that includes the transportation of bubble parcels in Lagrangian method and the temporal change of bub-
ble diameter using Rayleigh's expression could obtain converged solutions even for high differential pressure be-
tween the nozzle entrance and the exit up to 100 MPa and predict the cavitaion phenomenon qualitatively compared
to the experimental results. Moreover, the sensitivity of the initial bubble diameter and initial volume fraction of
total gas phase was found not large.
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