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Summary We numerically investigate various breakup modes of a laminar compound jet in a co-flowing outer fluid, i.e. a co-flowing
system, by a front-tracking/finite different method. Numerical results reveal that the compound jet can break up into drops in various
modes: inner dripping-outer dripping, inner jetting-outer jetting and mixed dripping-jetting mode. Transition from dripping to jetting is
affected by various parameters such as the Reynolds number Re, the Weber number We, the interfacial tension ratio and the velocity
ratios. These modes produce various drop types: simple drops, single-core compound drop and multi-core compound drops.

INTRODUCTION

A compound jet consists of an outer jet of an intermediate (middle) fluid surrounding an inner jet of an inner fluid. It
issues into an outer fluid, which is at either rest or coaxially flowing (Fig. 1a). Such a compound jet is extremely
unstable, and ultimately breaks up into drops in either dripping or jetting. Dripping produces drops close to the nozzle
exit whereas jetting pushes the breakup point far downstream [1],[2]. These modes are very important in compound jet
applications such as encapsulation [1],[3], ink-jet printing [4]. However, there have been few studies on these modes.
Theoretically, Herrada et al. [5] used a spectra-collocation method to analyze the transition from dripping to jetting in a
capillary compound liquid jet moving inside a gas of negligible density and viscosity. Experimentally, Utada et al. [1]
used focusing devices to form a compound jet of silicone oil-in—water inside silicone oil. They found two modes,
dripping and jetting, to form compound drops that contain a single core, single—core compound drops, or a few cores,
multi—core compound drops. Few numerical studies on the compound jet have been carried out. Suryo et al. [6] used the
Galerkin/finite element method to analyze the finite-amplitude deformation and break-up of a compound jet in a passive
gas of negligible density and viscosity. They did reveal neither dripping nor jetting since their computational domain
was quite small. Zhou et al. [7] used the diffuse interface method to simulate the formation and breakup of compound
jets in flow focusing devices reported in [1]. They focused only on the jetting mode, and did not produce the dripping
mode. It appears that detailed numerical calculations on both these modes, dripping and jetting, of laminar compound
jets in the co-flowing system are still lacking in literature. This motivates our present study on these modes. Here, we
use the front-tracking method discussed in [8] to investigate various modes and transition from dripping to jetting in a
laminar compound liquid jet in a co-flowing fluid in response to variation of various parameters.

PROBLEM FORMULATION AND NUMERICAL METHOD

Fig. 1a shows a typical co-flowing system of three viscous immiscible fluids. The compound jet is axisymmetric in

cylindrical coordinates (r, z). It is injected with average velocities U,, U, through a coaxial nozzle into an outer fluid that

flows with an average velocity U; in a tube. Densities and viscosities of the three fluids, which are assumed to be

immiscible, incompressible and Newtonian, are p;, i4;; P, f and p;, s, respectively. We assume that the inner and

outer nozzles have the same wall thickness W, of 0.2R;, and the same length L, of 2R;. R; (d; = 2R;) is the internal

radius of the inner nozzle, and the internal radius of the outer nozzle is R, (d; = 2R;). The governing equations are
V-u=0, Dp/Dt=Du/Dt=0,

9(pu)

ot
The boundary conditions are as follows (Fig. 1a): symmetry at r = 0, inflow at z = 0, outflow at z = L, and no-slip on
others. Fully developed laminar flows are set at the inlet of the computational domain while the outflow condition is
applied at the outlet.A set of non-dimensional parameters are the Reynolds number Re = p,U R, /1, , the Weber number

+V-puu=—Vp+V-[,u(Vu+VuT )]+J.07m5(x—xf)ds+pg:0.

We = p,UfR,/O', , the Froude number Fr = Uf/gR, , the density ratios p,, = p,/p, and p,, = p,/p, , the viscosity ratios
Uy =M, /1, and ge,= 1, /1, , the interfacial tension ratio o, = o,/0, , the velocity ratiosU,,=U, /U, andU,,=U, /U, ,
and the radius ratios R,,=R,/R, and R, =R, /R, .

The above governing equations are solved by the front-tracking/finite difference method [8]. Detailed description as
well method validation can be found in [8],[9].
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Fig. 1. (a) Sketch of a compound jet; (b) DD: inner dripping-outer dripping at U,,=1, Uz;=0.4; (c) DJ: mixed dripping-jetting at
U,;=1, Us;=4; (d) JJ: inner jetting-outer jetting at U,;=1, U;;=10; and (e) JJ: inner jetting-outer jetting at U,;=3.16, U;;=1. Other
parameters: We =0.3, Re=5, 03;=1, R;;=2

RESULTS

We assume that the inner and outer fluids are identical, and gravity is taken to be negligible: p;,=1, u;,=1, 1/Fr=0.
Moreover, py;, th; and R;; are fixed at 0.6, 0.8, and 10, respectively. Figs. 1b — e show various breakup modes of the
compound jet in the co-flowing system at We=0.3, Re=5,0;,=1, R,,=2. In Fig. 1b, the inner and outer jets produce drops
close to the nozzle, i.e. the dripping mode (DD). Thus, a single-core compound drop is formed. In Fig. 1c, at U;; = 4 the
compound jet produces drops in a complex mode: the inner jet is dripping and the outer jet is jetting to form simple
drops. This mixed dripping-jetting mode (DJ) forms both simple and compound drops. However, at a higher U;=10
(Fig. 1d) the viscous force of the outer fluid is further increased; stretching both the inner and outer jet interfaces. Thus,
a long compound filament is formed, and small compound drops with a diameter on the order of nozzle size detach at
the tip of the compound jet due to capillary instability. The mode in Fig. 1d is called “inner jetting-outer jetting” (JJ). In
contrast to producing small compound drops, at U,,;=3.16 (Fig. 1le), the compound jet produce large compound drops
enclosing a few inner drops, i.e. multi-core compound drops, in another inner jetting-outer jetting mode (JJ). Detailed
effects of We, Re, 03, and Uj;; on the drop diameter and the transition are shown in Fig. 2.

CONCLUSIONS

We have numerically revealed various modes of the compound pound jet breakup in a co-flowing system using the front-

tracking technique. These modes are affected by various parameters, and produce various kinds of drops.
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Fig. 2. Effects of various parameters on compound jet breakup modes and drop size: (a) We=0.6, 03,=1, U,;=1, U;;=1, R;/=2;
(b) R€:5,0-21:1, U2]:1, U31:1, R21:2; (©) We:O.3, Re:5, U2]:1, U31:1, R21:2; (d) We:0.3, R€:5, 0'21:1, U2]:1, R2122.



