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Abstract

Three-dimensional dynamic simulations of a liquid-liquid pinch-off jet are performed by using the level set
method for tracking the interface between immiscible materials. The numerical scheme (Sussman et al. 1994,
Chang et al. 1996) of the level set method is incorporated into a finite-volume package, CFDLIB, developed by
Los Alamos National Laboratory (Kashiwa and Rauenzahn 1994; Kashiwa et al. 1994). The surface tension
forceis treated as a body force by adopting the continuum surface force (CSF) model by Brackbill et al. (1992).
The numerical results are compared, both qualitatively and quantitatively, with the experimental data provided
by Longmire et al. (2001). The possihility of using the level set method in multiphase problems with interface
breakup/coalescence is explored by simulating such relative low speed, low density-ratio two phase flow. This
work is a part of our effort to study the pressure-atomised fuel injection/spray that provides the fine atomisation
needed for rapid mixing of liquid and gas phases during practical combustion processes.

Introduction

The pressure-atomized fuel injection/spray provides the fine atomization needed for rapid mixing of liquid
and gas phases during practical combustion processes. We are interested in the behavior of liquid jet and the
mechanism of jet breakup at the very initial stage right after the injector exit, i.e. the dense spray region. In order
to simulate directly the two-phase flow field, one has to track the interface with reasonable accuracy. Asis well
known, there are several methods for expressing the moving interface between two fluids, such as the VOF
method, the level-set method, and the front-tracking method. The VOF and level-set methods are categorized as
a front capturing method, which tracks the movement of volume and finds the interface in an indirect way. One
of the advantages of the front capturing methods is that collision and breakup of interfaces are easily treated. In
this study, we have been using the level set method (Chang et al. 1996) as the interface tracking methodology.
This method has been used by other investigators successfully for solving many multiphase problems, which
contain interfaces between immiscible materials of different physical properties. Most of these studies deal with
low speed, low density-ratio between the material and have been limited to two-dimensional problems. In fuel
injection for engine combustion, however, the flow velocity is very high (the flow Reynolds number at the exit is
in the order of 10%) and the density ratio istypically in the order of 10°. In order to test and validate the numerical
schemes and the computer code before going to the more complicated situations, we need reliable experimental
studies on some problems, which are physically similar to the fuel injection. Such work should provide not only
the qualitative but also quantitative data for the purpose of comparison and assessment of the numerical results.

Round liquid jets flowing into a second immiscible liquid have been investigated by many researchers
(Cohen et al. 1999; Wilkes et al. 1999; Zhang et al. 1999) due to their fundamental simplicity as well as their
importance in a number of industrial systems. The experiments demonstrated that for low flow rates (and
Reynolds number), droplets form at and detach from the jet outlet. As the flow rate is increased, the injected
fluid forms a jet that develops axis-symmetric instabilities and pinches off at a finite length. Above a Reynolds
number associated with the maximum length, three-dimensional instabilities and eventually direct atomisation
occur. The Reynolds number range corresponding to each flow mode depends significantly on the other system
parameters, including the fluid properties. One of the most recent experimental studies was done by Longmire et
al. (2001). They employed a PIV technique to measure the velocity and vorticity distribution and thus provide
some quantitative data beside the qualitative images of flow pattern. In the present paper, three-dimensional
simulations of round liquid jets flowing into a second immiscible liquid have been performed with the same
parameters and conditions as used by Longmire et al. (2001). Detailed comparisons are made, both qualitatively
and quantitatively, to serve the purpose of assessment and validation of the level set method.

Numerical methods

We consider the fluid motion of a liquid injected into a space, which isinitialy filled with another liquid of
different density and viscosity. Two liquids are immiscible to each other. The interface between the two liquids
remains throughout the motion and a surface tension exists at the interface. The flow motion is governed by the



Navier-Stokes equation,
ou 0 (1)
pBaHJ DDUB— -Op+00{2usS)+ok (6)065 (9) + pg

No turbulence model is included since the flow is laminar. The third term on the right-hand-side of the &ove
equation represents a model, cdled the mntinuum surface force (CSF) model proposed by Bradkbill et al.
(1992), for approximating the surfacetension forces. In this model, the €fea of surfacetension can be expressed
in terms of a singular source function which is defined by an indicative function, here the level set function, 6.

The level set method (Chang et al. 1996 is used to capture the interface between two fluids of different
densities and viscosities. A level set function, say, 6, is a distance function about the interface It has positive
values outside the interface ad negative inside the interface At the interface 6 kees a value of zero. The
magnitude of the level set function at any locéation represents the distance from this location to the interface The
level set function, like any passive scdar variables, moves with the fluid, and it foll ows,
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which moves the zeo level of 8 exadly as the adua interface The density and viscosity are cdculated through
out the computational domain depending on the value of 6, by
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The nature of the level set method being a signed normal distance function from the interfacehas esentially to
be kept all the time throughout the simulation. A procedure of re-initialization and re-normali zation (Susaman et
al. 1994) is therefore performed at every time step during simulation to pertain such property. This is achieved
by solving the foll owing equation to a steady state,
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with an initial condition,
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where 6y(x) isthe level function before the renormali zation. By the éove procedure we build a distance function
6(x) whose z&o set isthe same & 6y(x). We have implemented the level set method into CFDLIB (Kashiwa and
Rauenzahn 1994 Kashiwa et al. 1994). for the numerical investigation of fuel injedion.

Results

The caes examined represent a parameter set where the fluid properties as well as inertia, gravity, and
surface tension are dl significant. The flow conditions can be dcaraderized by a set of dimensionless
parameters. The values of these parameters for the two cases are given in Fig. 1(a).

Under the chosen flow conditions, gravitational effeds cause the jet to accéerate and contrad immediately
after exiting the nozzle. In the absence of forcing, the @ove anditions yield a smocth jet column that travels all
the way to the downstream fluid interfacewithout developing any significant waves or instabilities. When the
flow is forced with a sinusoidal velocity perturbation, however, instabilities are enhanced, and pinch-off occurs
within the layer of surrounding fluid. The location of pinch-off can be mntrolled by adjusting the forcing
amplitude such that increasing the amplitude moves the pinch-off locaion upstream. For the caes described
below, the flow was forced at the laser pulsing frequency of 10 Hz yielding a Strouhal number, &, of abou 4.
Under the chosen conditions, one drop formed during each forcing cycle & alocation approximately 7 dameters
downstream of the nozzle exit. In the numericd simulation, this condition is achieved by setting a time-
dependent velocity condition at the nozze exit. The amplitude of the velocity fluctuation is adjusted such that a
droplet is pinched dff at the same downstream locaion asin the experiments.

Figure 1(b) shows a typical instantaneous jet shape in the cmputational domain. Figures 2 and 3 show one
cycle of jet disintegration for the case |, and II, respedively. One @n seethat, for both cases, the numericd



results match with the experimental ones reasonably well. Noticethat, for the cae Il, due to the lower viscosity,
the ambient fluid dffers lessresistanceto the inner jet fluid, and hencethe jet accéerates to a higher velocity and
develops a more complex shape of the evolving jet tip than in the case |. Spedficdly, the jet tip develops a small
sphericd structure before the wide part of awave gproaches and the “cusp' initiates nea the upstream end of the
drop. The simulation did cach such details. However, one can also olserve that the drop recovers the sphericd
shape more slowly than in the redity. One can also ndice that a “tea drop’ shaped droplet is formed
immediately after the disintegration in each simulation whereas the experimental results show that a more round
shaped droplet is formed there. The disagreement is mainly due to the CSF model in which the surface tension
forceisimpaosed on layer of finite thickness A remedy would require high mesh resolution.

The quantitative comparisons are made on the axial velocity component. Figure 4 shows the verticd velocity
along the jet axis at different time instant during one disintegration cycle for case I. Figure 5 shows the radial
profiles of the vertica velocity at afixed axial locaion at different time instants during one disintegration cycle
for case |. Figures 6 shows the similar comparisons for case Il. One can seethat better agreement is achieved in

the cae of higher ambient viscosity, i.e. case | (Ui/[lo=0.17). In general, the wavelengths of the velocity
variation match with the experiments. The discrepancies are most likely caused by the finite thickness of jet and
drop surface which resultsin an inner fluid of lighter weight than the red one. Again a mesh system with finer
resolution would definitely help to improve the situation.

Conclusion

The cmparisons between the numericd results and the experimental data show that the simulation based on
the level set method is able to handle the three-dimension problems with interface breskup quite well. The
guantitative predictions of velocities are dso satisfadory. The results demonstrated that the viscosity ratio had a
significant effed on the evolving jet flow, the pinch-off process and the resulting drop shapes. In general, the
simulation gives more acerrate prediction in the case of high-viscosity-ratio than in the cae of low-viscosity-
ratio. The liquid/liquid pinch-off differs from the liquid/air injedion in the sense that it is basicdly a creguing
flow with low density-ratio while the later is a two-phase flow of high density-ratio and is turbulent in most
situations. The dominant fadors in the former are surfacetension and viscous force while they are the surface
tension and inertia force including turbulent forces in the later. 1t would, therefore, be reasonable to exped some
difficulties when one simulate the high-spead fuel injedion problems.

Nomenclature

D diameter of jet

Ue velocity of inner liquid at jet exit
w axial component of fluid velocity
S fluid strain rate, atensor variable
u fluid velocity vedor

f frequency of jet forcing

g gravitational constant

o() Diracdelta function

K curvature of interface

o} density

u dynamic viscosity

o) surfacetension coefficient

Al density difference p-p,.
Subscripts

[ inside jet

o} outside jet
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Figure 1. 3-D simulation of liquid-liquid pinch off. (&) Flow parameters. (b) Computational domain and mesh
system: Ax=Ay=Az=0.0667cm. The number of cdlsin x, y and z diredions are 75, 75 and 25Q respedively. The
diameter of exitis1cm.
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Figure2. One g/cleof jet disintegration for case | (Li/M,=0.17, Re=34). The time interval between the imagesis
1/9 T, where T is the period d one disintegration cycle. The pinch off (t=0) is the second in each series. The
images from computation show the iso-surface(3-D) of zero level set function @=0.
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Figure 3. One cycle of jet disintegration for case Il (Wi/M,=1.72, Re=35.2). The time interval between the
images is 1/9 T, where T is the period of one disintegration cycle. The pinch off (t=0) is the second in each
series. The plots from computation show the contours (2-D) of zero level set function @=0 projected onto an
angular plane cutting through the axis of the jet.
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Figure 4. The axial velocity along the centerline of the jet for case | (Wi/p,=0.17, Re=34), at different time
during one cycle of disintegration. Symbols and lines represent the experimentally measured data and
numerically calculated values, respectively. @is the phase of one cycle of jet disintegration, defined as @=360t/T.
The phase corresponds to pinch is g=0°. The letter, z, is the distance from jet exit.
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Figure 5 The radial profiles of axial velocity at an axia location (2/D=6.15) for case | (Wi/[o=0.17, Re=34) at
different time during one cycle of disintegration. Symbols and lines represent the experimentally measured data
and numerically calculated values, respectively. @ is the phase of one cycle of jet disintegration, defined as
@=360t/T. The phase corresponds to pinch is ¢=0°.
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Figure 6. The axial velocity profiles for case Il (ui/p4,=1.72, Re=35.2), at different time during one cycle of
disintegration. Symbols and lines represent the experimentally measured data and numerically calculated values,
respectively. The time instant corresponds to pinch ist=0T. T is the period of one cycle of jet disintegration. (a)
The axial profiles aong the centerline of the jet. The letter, z, is the distance from jet exit. (b) The radia profiles
at aaxia location (z/D=6). The letter, r, isthe radial coordinate from the center of jet, r=0.



