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The secondary breakup of liquid drops, accelerated by a constant body force, is examined for small
density differences between the drops and the surrounding fluid. Two cases are examined in detail:
a density ratio close to unityp/p,=1.15, where the Boussinesq approximation is yadidd a
density ratio of ten. A finite difference/front tracking numerical technique is used to solve the
unsteady Navier—Stokes equations for both the drops and the surrounding fluid. The breakup is
controlled by the Etwvos number(Eo), the Ohnesorge numbédh), and the viscosity and density
ratios. If viscous effects are smatimall OB, the Edvos number is the main controlling parameter.

In the Boussinesq limit, as Eo increases the drops break up in a backward facing bag, transient
breakup, and a forward facing bag mode. At a density ratio of ten, similar breakup modes are
observed, with the exception that the forward facing bag mode is replaced by a shear breakup mode.
Similar breakup modes have been seen experimentally for much larger density ratios. Although a
backward facing bag is seen at low Oh, where viscous effects are small, comparisons with
simulations of inviscid flows show that the bag breakup is a viscous phenomenon, due to boundary
layer separation and the formation of a wake. At higher Oh, where viscous effects modify the
evolution, the simulations show that the main effect of increasing Oh is to move the boundary
between the different breakup modes to higher Eo. The results are summarized by “breakup maps”
where the different breakup modes are shown in the Eo—Oh plane for different values of the
viscosity and the density ratios. @999 American Institute of Physid$1070-663199)01112-5

I. INTRODUCTION able parameters that must be determined by experimental
studies.

In spray combustion, liquid atomization is a two stage  In experiments, the drops are usually accelerated by a
process: In the primary breakup, a liquid jet emerging fromshock wave causing a step change in the velocity of the drop
the injector breaks up into drops which subsequently unrelative to the surrounding fluid, or by a constant body force
dergo secondary breakup into even smaller drops. Secondagyich as gravity. The results are generally presented in terms
breakup increases the total surface area of the fuel-air intebf four nondimensional parameters: the relative strength of
face, thus enhancing the rate at which the fuel evaporates amgertia and surface tension which is characterized by the We-
burns. ber number for an impulsive acceleration and thavi®

Current computational models used for engineering prenumber for an acceleration by a constant body force; the
dictions of spray combustion do not resolve the motion ofratio of viscous stresses and surface tension given by the
individual drops. Instead, the effect of the drops is accounte®hnesorge number; the density ratio; and the viscosity ratio
for by subgrid models, computed in either an Eulerian or &f the drop and surrounding fluids.

Lagrangian way. For recent descriptions and reviews, see Early experimental studies of drop breakup due to im-
Drew and Passmarand Crowe, Sommerfeld, and Ts@jin  pulsive acceleration include those of Laflayho studied the
Lagrangian models, the drops are represented by point pashattering of liquid drops in steady or transient streams of
ticles, that can be split into two or more particles to represenir, and Hinze'* The findings of Lan¥ and Hinzé! have
drop breakup. For a description and application of breakufpeen extended to a broader range of parameters by #aas,
models in spray combustion simulations, see Reitz anHanson, Domich, and Adamg¥, Ranger and Nicholl&*
Diwakar? O’Rourke and AmsdefiLiu, Mather, and ReitZ, ~ Gel'fand, Gubin, Kogarko, and Komar,Borisov, Gel'fand,

Liu and ReitZ8 Kim and Wang’ and Kong, Han, and Reifz.  Natanzon, and Kossd¥,and others. KrzeczkowsKishowed
Two different approaches are typically used to model thethat the effect of drop viscosity is not significant when the
breakup. The Taylor analogy breakuAB) model of Ohnesorge number based on the drop properties is less than
O’Rourke and Amsdéhis based on an analogy between anabout 0.1. Pilch and Erdm&hexamined the drop size distri-
oscillating and distorting liquid drop and a spring-mass sysbution for the so-called bag breakup mode and found that it
tem suggested by Tayl3fThe Reitz wave instability mod&l, was made up of a large number of small drops produced
on the other hand, is based on a linear stability analysis fofrom the burst of the bag, and a few large drops originating
liquid jets. Both of these simplified models contain adjust-from the annular rim. Wierzta reviewed the literature and
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found that there was a large variation in the reported value§rst transition, 20—60 for the second, and 1000 for the third.
of the critical Weber numbers for the onset of the bag typerhese numbers should be considered only as a rough guide
breakup. His own experiments showed that small changes ibecause there are large variations in the critical Weber num-
the experimental conditions could affect the drop breakugers in the available experimental data due to different test
significantly. Experimental investigations of the breakup ofconditions. At higher Ofy, the We required for the onset of
falling drops have typically been motivated by interest in thedeformation and breakup increases with increasing.Oh
evolution of raindrops. For early experiments, see the study Other researchers have examined the evolution of liquid
of the breakup of large drops by Magarvey and Tagfdor ~ drops in another liquid with a density comparable to the drop
example. The secondary breakup of liquid drops due to botllensity, moving due to gravity. The deformation of miscible
impulsive and continuous disturbances has been examindiguid drops at low Reynolds numbers was studied by
extensively by Hsiang and Faéth?using a shock tube and Kojima, Hinch, and Acrivos? who observed that the drops
drop towers. The majority of the data are for atmospheridorm vortex rings. The stability of drops moving in immis-
conditions p4/p,>500, Re>100, Oh<0.1), although a cible fluids was investigated by Koh and Lé&&af?* who
limited number of studies for smaller density ratios andshowed computational results for zero Reynolds number us-
higher viscosity were also done. For the impulsive distur-ng a boundary integral method and experimental results for
bance case, droplet deformation and breakup maps similar W Reynolds numbers. A similar investigation of the insta-
those produced by Hinzkand KrzeczkowsR{ were con-  bility of drops, also using a boundary integral method was
structed for a wide range of parameters. Joseph, Belangeieported by Pozrikidis? Experiments by Baumann, Joseph,
and Beaver¥ studied the breakup of both Newtonian and Mohr, and Renardy showed that vortex rings can also be
non-Newtonian drops in a high-speed air stream. Their excreated in immiscible liquids.

periments, using a shock tube, resulted in a very high initial A few investigators have simulated the deformation and
acceleration of drops and the authors stated that thBreakup of liquid drops numerically. However, due to the
Rayleigh—Taylor instability was the primary cause Ofdlff|c_ult|es in dealln_g Wlth large deformatu_)n of the mtgrfac_e
breakup. For a more extensive review of experimental stud@"d in accurately including surface tension along with vis-

ies of secondary breakup of drops, see Clift, Grace, and°US and inertial forces, such numerical simulations have
Weber?® Lefebvre?® Bayvel and Orzechowsk/. and Sadhal often been based on considerable simplifications. The steady
AyyaS\;vamy and ,Chunif. ’ " motion of deformable axisymmetric drops was investigated

Most of the experimental studies mentioned previouslyP?Y Dandy and I__eéF at several Reynolds and Weber num-
are concerned with the breakup of liquid drops in air due tgoers using a finite-difference method. The steady rise of an

impulsive accelerations. The density and viscosity ratios argmsyr_nmetrlc drop in an _unbound_ed surrounding fluid was
much higher than those considered in the present stud .xamlned by Volko¥ for intermediate Reynolds numbers.

While those experimental results are not directly comparablsi(r)nzjétlizoennsg bfsfr?ét’s?g:dserigzﬁrpgﬁsai?stsiL[Irgftﬁ;:elder?sg tin
to our simulations, the major breakup modes remain similar . .
! P ounded domains. Fritts, Fyre, and Otfamsed a two-

We therefore summarize the major results of experimental. . P .
studies of impulsively accelerated drops here. When th dn:egfégr;(ilpLacg)gfraPug;?n df;gg?égﬁiﬁgciizghOg;ztzglufrtz
Ohnesorge number is small, the effects of drop viscosity call - okhaf® presented simulations of axisy’mmetric ’drop
Se n,iglfﬁ;ei.cﬁélfr\gti\gﬁi;r;?eifeps d:;(:r;n cE)rlthEcicl) Cgltuire?f:f)reakup using a Volume-of-Fluid method for a limited num-

b . P * MBer of cases. Other numerical studies of the deformation and
drops become progressively flatter and eventually break up.

As the Weber number is increased, four well defined breakuH;en‘zljcl,J %gl;tw?_-i(;lvr\?e;:éoger\]lodﬁrlogzlj:r?n t;:ehfe()#n:r:g gﬁgg} and
modes are observe@ee, for example, Nigmatufip). i 9 ’ ’ g ’ ’

and Zaleski, Li, and Sucéf However, these numerical re-
(1) Vibrational breakup mode where the drop disintegratessults are still preliminary.
into two or four equal-sized smaller drops. In spite of the progress made by previous investigators,
(2) Bag breakup mode where the original drop deforms intcseveral aspects of the secondary breakup are still not well
a torus-shaped rim spanned by a thin fluid film that rup-understood, including the breakup of drops at high pressure
tures into tiny droplets, followed by disintegration of the and temperature, where experimental difficulties are encoun-
rim into larger droplets. tered. It is also necessary to more closely examine the time-
(3) Shear breakup mode where small drops are continuousigependent characteristics of the breakup. In existing spray
stripped off the rim of the original drop. models, the drop breakup is considered to occur instanta-
(4) Explosive breakup mode where strong surface wavegeously. Recent experimental evidence indicates, however,
disintegrate the drop in a violent manner. that secondary breakup takes finite time. Therefore, it is pos-
sible that the drop breakup should be treated as a time-
This categorization and terminology are somewhat arbidependent process.
trary, and other variations have been suggested by other re- In this paper, a numerical method based on a front track-
searchers. For example, mode 3 has also been callédg technique that can accommodate large deformation of the
“stripping-type breakup.°For low viscosity drops where drops is developed to simulate the breakup of liquid drops
the transition process shows no significant dependencies atcelerated by a constant body force. The governing equa-
Ohy, the critical Weber number is approximately 10 for the tions for axisymmetric geometry are solved numerically on a
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Here,u andv are the velocity components in the radial and
axial directionsp is the pressure, angl and x are the dis-
continuous density and viscosity fields,is the surface ten-
sion, « is twice the mean curvature, andi, are the radial
and axial components of the surface unit normal vector
pointing outward from the drop, andlis a three-dimensional
delta function. In(1) and(2), the surface tension is treated as
a body force. The integral over the surface of the digp,
results in a force that is smooth and continuous along the
drop surface. In the numerical method, the delta functin,
is approximated by a smooth function with a compact but
finite support. The constant acceleration gives rise to a body
i force in the axial direction denoted Ipa, .

The above equations are supplemented by the incom-
pressibility condition

surrounding fluid
Pos Ho

FIG. 1. Schematic illustration of the computational setup.

1dru odv
——+4+ —=0,
r or 0z

()

nonuniform grid using a finite-difference method. The drop

interface is represented by connected marker points, Whoélgh'Ch' when combined with the momentum equations, leads

positions are updated explicitly at each time-step. Results fotr0 an elliptic equation for the pressure

a wide range of parameters are presented, and the physical vp| 1
significance of the results is discussed. ( ) = ;R, (4)

p

whereR is the divergence of the vector form of the momen-
tum equationg1) and(2), excluding the pressure term.
We also have equations of state for the physical proper-

Il. FORMULATION AND NUMERICAL METHOD ties of the drop and the surrounding fluid
The physical problem and computational domain are %_ _ D_,u_o .
sketched in Fig. 1; the left boundary is the axis of symmetry. Dt ' Dt ®)

We follow the motion of the fluids both inside and outside ) ) o )
the drop and write a single set of equations for the whol@vhereD/Dt is the material derivative. These two equations

flow field, using the conservative form of the governing State that the physical properties of each fluid remain con-

equations to allow the density and viscosity to change disSt2nt: _ _ , ,
The numerical technique used for the simulations pre-

continuously. Surface tension is added as a delta function to

provide the proper interface boundary conditions. Written forsented in this paper is based on the front-tracking/finite-

. . . . difference method discussed in Unverdi and Tryggv&éon.
an axisymmetric coordinate system, the Navier—Stokes equa}_-he code employed in the present study is an axisymmetric
tions are

version of the method. Since the axisymmetric code runs
much faster than the fully three-dimensional version, it al-
lows more runs and higher resolution. To improve the effi-
dpu 1 arpu® dpvu ciency of the computations, the method was implemented on
ot T o ez stretched grids to allow clustering of grid points in specific
regions.
9 5 Jau 5 aJfuy d [ov du The momentum equations and the continuity equation
ar * ar |\ “Hor * Korlr * az™\ ar * Jz are discretized using an explicit second-order predictor—
corrector time-integration method and a second-order cen-
_J oxné(x—xf)ds-fr, (1) tered _differ(_ence apprc_)ximation for the spati_al derivatives.
The discretized equations are solved on a fixed, staggered
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grid using the Marker-and-Cell method developed by Harlow
and Welch®® The full-slip boundary condition is applied to
all four boundaries.

To maintain a well defined boundary between the drops
and the surrounding fluid, the boundary is marked by con-
nected pointgthe fron that are advected by the fluid veloc-
ity, interpolated from the fixed grid. The new position of the
marker points is used to construct a new density field by
distributing the density jump to the grid points next to the
front using area weighting, and integrating the jump to find
the density everywhere. Once the density is known, the vis-
cosity is set as a function of the density. The marker points
are also used to find the surface tension, which is then as-
signed to the nearest grid points in the same way as the
density jump, and added to the discrete Navier—Stokes equa-
tions. For a more detailed description of the front-tracking
method, see Unverdi and Tryggvadbrand Tryggvason,
Bunner, Ebrat, and Taubét.

The implementation of the numerical technique to the
drop breakup problem is straightforward and the method
works well for a broad range of parameters. However, as
palpo is raised, the computational cost increases, partly beflG. 2. Resolution test. The breakup o_f a drop computed using a 256

.. . X512 grid (left) and a 51X 1024 grid (right). py/p,=1.15, Ec=144,
cause_ of the appearance of the coefficieptit/the pressure_ Oh,=0.05, Oh=0.0466. The drop shape is plotted ever = 3.873.
equation(4) but also because the effect of the surrounding
fluid is weaker when the density ratio is large and the drop
travels a longer distance before breaking up. In order t@an be selected as the other two parameters. The viscosity
avoid having to use a very long computational domain, weratio is sometimes replaced by the Ohnesorge number based
move the computational domain with the drop. The motionon the properties of the surrounding fluid
of the domain is determined from the solution, and an extra

%ﬁfo COCP
e

acceleration term is added to the governing equations to ac- __ Mo
. _ ) Oh,= . (9)
count for the time-dependent motion of the domain. The VpoDo

boundary conditions have also been modified to include . .
constant inflow at the bottom and a zero velocity gradient irﬁ_he subscriptsd ando, denote the properties of the drop and

the normal direction at the top, jthe sur_rounding fluid, respectivgly. Time is nondimensional—
The majority of the simulations presented here were car'—zed with respect to the drop diameter and the acceleration
ried out on HP 9000 workstations. A typical run required t
between 4000 and 120000 timesteps and took 12—240 hours, t*=—— (10
depending on the parameters of the problem. Dia,
Dimensional analysis shows that four independent di-
mensionless parameters govern the dynamics of drop defol!- RESULTS AND DISCUSSION
mation and breakup. When the drop is subject to an accel- Numerical simulations are presented first fpg/p,
eration by a constant body force, it is convenient to use the=10, using a moving computational domain. To examine the
Edtvos number, Edinterchangeably called the Bond num- effect of the density ratio, simulations are also carried out for
ber, Bg and the Ohnesorge number of the drop,;Ode-  a small density ratiopy/p,=1.15, using a fixed computa-

fined as tional domain. For each density ratio, the effects of varying
AoD? the other dimensionless parameters, Eo, Gdnd OR, are
a D i
Eoe 2 p , ©) studied.
7 A. Validation
e In order to validate the numerical method, grid refine-
Ohy= , (7) ment tests were performed. Typical results are presented in
VpdDo Fig. 2 where the shape of the drop is plotted at time intervals

) o At =3.873, using two different grids: 256512 (left) and
whereAp is the density difference between the drop and thes15y 1024 (right). The nondimensional parameters are
surrounding fluid and is the initial diameter of the drop. pylpo=1.15, Ec=144, Oh=0.05, and Of=0.0466. Ini-
The density and the viscosity ratios, tially (t*=0), the drops are spherical and the velocities are

zero everywhere. Despite the large deformation of the drop,
Pd. Hd @ the results agree well. In Fig. 3, the aspect ratio and the

Po’ Mo centroid velocity are plotted versus nondimensional time.
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. . ; ; 3 _ We
....... pexi Eo= 7 WeCy; Ohy=\/ gz 1
---- 128 x 256
For a drop translating at a Reynolds number equal to 100 and
Weber number equal to 4, withy/p,=0.91 anduqy/u,
=1, Dandy and LedP found C4=0.919 in an unbounded
domain. This gives E62.75 and Oh=0.02. Our computa-
tion was done using a 256768 grid in a domain 5 and 15
times the initial diameter of the drop in the radial and axial
directions, respectively. The computed Reynolds and Weber
numbers differ from those given by Dandy and [*8aly less
than 1% when the drop reaches a steady state.ugdj.,
=4 and the same Re, We4/p, as in the previous case,
Dandy and LedP found C4=1.10. Our computation was
e T T o & o0 done using Ee3.3, Oh=0.02, and the sampy/p, and

o Mal o, With the same resolution and domain size as in the
previous case. The result giv€s=1.13, which is approxi-
mately 3% higher. This is due to the finite size of our com-
03 - putational domain. Computations using domains of half and
twice the original size in the radial direction yiel@q
=1.19 and 1.12, respectively.

(a) aspect ratio

B. The Boussinesq approximation

Before presenting further computational results, we
pause to examine the validity of the Boussinesq approxima-
tion. The Boussinesq approximation states that if the density
difference is small, density variations are only important
when multiplied by gravity.Ap is therefore no longer an
independent parameter and it is sufficient to simulate the

Ve

512 X 1024

0.05

oo 256 x 512 breakup for only one value of the density ratio in this limit.

~——— 128 x 256 Results for other values aip can be obtained by simply
% 5 1 15 2 2 s 3 4 4 s rescaling time. For a discussion of the Boussinesq approxi-
& mation to stratified flows, see, for example, Dahm, Scheil,

(b) centroid velocity and Tryggvasofi! The relative magnitude of the density dif-

FIG. 3. Resolution test. Aspect ratio and centroid velocity plotted veisus ference is better eXpressed by the Atwood number, defined

Results using three different grids, 12856, 256<512, and 51X 1024, by

are shownpg/p,=1.15, Eo-144, Oh=0.05, Oh=0.0466. B
A— Pd™ Po

Patpo’
WhenA is sufficiently small py4/p, — 1), time and veloci-

The aspect ratio is defined as the drop thickness at the CeHgs can be scaled by the average static pressure to yield

(12

terline divided by the maximum width of the drop. The cen- | t

troiq velocity.is foupd by taking the volume average of the t= mv (13

vertical velocity inside the drop. The results corresponding to

Fig. 2 are shown along with results using a coarser grid: u . v

128x 256. The result from the 128256 grid shows a small U= —=;, V=—F—=. (14

difference but the two finer grids give nearly identical re- Aa,D Aa;D

sults. The Edovs number and the Ohnesorge number must also be
In addition, we have compared our results to the steadyedefined as

state results for a single axisymmetric deformable drop com- pa,Aa,D?

puted by Dandy and Ledf. They specified the Reynolds Eo= (15)

number and the Weber number and found the drag coeffi- 7

cient,Cy, as a part of the solution. In our transient simula- Lo

tion, it is not possible to specify Re and Vepriori, since 6\h0= —_—, (16)
the velocity of the drop is computed as part of the solution. paDo

However, once the drag coefficient is known, thétbe  wherep,,=0.5(p4+ p,). Note that the constant acceleration
number and Ohnesorge number can be found by appears only aéa, instead ofa, alone.
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breakup and Eo is the only controlling parameter. Here, we

present results for different Eo when Oh is small. When a

drop is set into motion by a constant body force, the hydro-

dynamic pressure is higher at the poles and lower at the
equator and the drop deforms into an oblate ellipsoid. This

deformation is opposed by the surface tension. Depending on
the relative strength of the pressure forces and the surface
tension, measured by Eo, different breakup modes are ob-
served.

In Fig. 5, the effect of Eo is presented fo§/p,=10 and
Oh,=0hy=0.05. The simulations are done using a moving
coordinate system where the origin is fixed at the centroid of
the drop. The domain has dimensions of five and fifteen
14 times the initial drop diameter in the radial and axial direc-

& tions, respectively. The centroid of the drop is fixed at a
position five times the initial drop diameter above the bottom
boundary. The evolution of the drop is shown for nine dif-
ferent values of Ed(a) to (i)]. In each column, the drop

12 , , i . , , interface is plotted at fixed time intervals. The separation
between two successive drops is equal to the distance that
the drop travels during the time interval.

In (a), the drop is shown for Ee12. As the drop starts
falling, the back side becomes flat while the front side retains
a rounded shape. After the initial deformation, the drop
reaches a steady state and no further change in the drop
shape is seen. When Eo is increased to 24bjnthe drop
deformation is more pronounced. Initially, the drop assumes
a shape similar to that shown {g), but then the back of the
drop becomes increasingly more convex and eventually the
drop deforms into a thin disk-like shape that moves at a
nearly steady state. The drop shown () for E0=28.8
evolves in the same way until it has deformed into a disk-like

(a) aspect ratio

P shape. Then the thickness of the drop near the symmetry axis
continues to decrease, and most of the drop fluid moves out-
{b) centroid velocity ward toward the edge of the drop. Finally, the center of the

front surface is pushed upward, forming a backward-facing
FIG. 4. Test of the Boussinesq approximation. Aspect ratio and centroicbag_ At this stage, most of the dI’Op fluid is contained in the
velocity plotted versus. Results are shown for four different Atwood num- _ N ;
bers: 0.07, 0.11, 0.2, and 0.33. The corresponding density ratios are 1.1g,nnhU|ard§hl?ped nm'dAS élme prol?resses, C;[hTE bag. eXpanldS
1.25, 1.5, and 2.0_Ee72, Oh—0.241, anduy/e=1. o't radia y'outwar and vertica y upward. xperlmenta
evidence indicates that the drop will eventually break into
small drops. The evolution shown {d) for Eo=36 is very
similar to that in(c), displaying a backward-facing bag. The
only difference is that the rate of deformation is higher and

In order to check the validity of the Boussinesq approxi-
mation, tests were done for different valuesfofin Fig. 4,
results for Ee-72, 6@:0'241’ andpug/po=1 are pre- o backward-facing bag expands more rapidly.
sented. The computation was done using a>B68 grid

he si tth ional - ) When Eo is further increased to 48 (), a different
and.t.e.: SIz€ 0 t_ e computa’uona 'domam was 5 a“?’ 15,t'meﬁlode of breakup is observed. The initial deformation is not
the initial drop diameter in the radial and the axial directions

. . i ) i very different from the previous cases, and an indentation
respectively. TheA aspect ratioand theA nondimensionalized develops on the back surface, but instead of deforming into a
centroid velocityV,; are plotted versus in (a) and (b), re-  gisk-like shape, the drop remains relatively thick near the
spectively. In each graph, simulations using four valued of symmetry axis and the edge of the drop is swept back in the
are shown: 0.07, 0.11, 0.2, and 0.33, corresponding to thgownstream direction. A large wave then develops on the
density ratios: 1.15, 1.25, 1.5, and 2.0. The plots confirm tha(grop interface and as this wave propagates, the drop deforms
the scaling works well wheA is less than about 0.2 to 0.3. i an erratic manner. The evolution of the drop showifjn
The ability to cover this density range by a single simulationfor E0=60 reveals another mode of deformation. The initial
is obviously a considerable simplification. evolution is similar to the previous cases, but the results are
different at later times. As the indentation at the top progres-
sively deepens, the drop does not deform into a thin disk-like
When Oh is small and surface tension is much moreshape. Instead, the edge of the drop is deflected in the down-
important than viscous stresses, Oh has little influence on th&tream direction and drawn out into a thin film with a blob of

C. Effect of Eo at small Oh
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(a) Eo=12 (b)Eo=24 (c)Eo=288 (d)Eo=36 (e)FEo=48 (f)Eo=60 (g) Eo=72 (h)Eo=96 (i) Eo=144

FIG. 5. Effect of Eo on the deformation of drops with/p,=10. Oh=0h;=0.05. The simulations are done using a 25®8 grid for a moving
computational domain of dimensionsxd5 times the initial drop diameter. The boundaries of the column do not indicate the actual boundaries of the
computational domain. The gap between two successive drops in each column represents the distance the drop travels at a fixed time interval and the last
interface is plotted at* = (a) 11.19;(b) 15.82;(c) 14.85;(d) 13.83;(e) 11.19;(f) 7.15;(g) 7.83;(h) 6.78; (i) 5.54.

drop fluid at the end. The appearance of this film is similar tas 48, the drop moves with an essentially steady convex
the skirted drop shapes observed in experimental studies shape, showing no sign of bag formation. Compared to its
liquid drops moving at a steady staairegi and Grac®). high density ratio counterpart shown in Figeh the overall
The center portion of the drop, however, maintains a convexleformation is reduced. When Eo is 96(d), the indentation
shape and its thickness at the symmetry axis stops decreas-the back of the drop deepens continuously until it reaches
ing. Similar drop deformations are observed at even highethe front of the drop, creating a forward-facing bag. Eventu-
Eo=72, 96, and 144 as shown fig), (h), and (i), respec- ally, however, the heavier edge falls faster than the thin bag.
tively. This formation of a forward-facing bag is different from the
Based on these results, the evolution of drops withshear breakup mode observed in Figéf)-55(i), where a
pd/po=10 at a small Oh can be classified into four catego-significant portion of the fluid remains near the symmetry
ries in order of increasing Eo: steady deformation, formatioraxis while a thin film is pulled away from the edge.(#), Eo
of a backward-facing bag, transient breakup with a complexs further increased to 144. The overall evolution is similar to
shape, and stripping or shearing of a film from the edge ofd), but the rate of deformation is slightly faster.
the drop. It is evident from Fig. 5 that drops breaking up in In Fig. 7, vorticity contourdleft) and streamlines with
the backward-facing mode travel a much longer distanceespect to a frame moving with the dr@jght) are plotted at
than those breaking up in the shear breakup mode. Also notefew selected times for the drop shown in Figc)5Most of
that for the same breakup mode, the rate of drop deformatiothe vorticity is created at the outer edge of the drop, as ex-
increases as Eo increases. pected, and the streamlines show the formation of a large
In Fig. 6, the evolution of a drop with a small density wake behind the drop. The pressure difference between the
ratio, pq/po=1.15, is shown for different Eo. Again, values front stagnation point and the wake causes the formation of
of Ohnesorge numbers, @h0.05 and Oh=0.0466 are the backward-facing bag.
chosen so that viscous stresses are small compared to surface Figure 8 shows vorticity contourdeft) and streamlines
tension. The computations were done using a fixed coordi¢right) at a few selected times for the drop shown in Fig).5
nate system. When Eo is small, the drop deforms into amlthough vorticity generated at the drop surface accumulates
oblate ellipsoid and moves with a steady state shape dato a large wake as in Fig. 7, the more deformable drop is
shown in(a) for Eo=12. When Eo is increased to 2d), the  continuously deformed by the floyas seen by streamlines
drop deforms more and eventually forms a backward-facingrossing its boundajyand the edge is pulled back by the
bag as observed fgry/p,=10 in Fig. 5c). In (c), where Eo  flow. In the last frame, the large wake formed initially sepa-
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FIG. 6. Effect of Eo on the deformation of drop wigh /p,=1.15. O =0.05, Ol=0.0466. The simulations are done using a:29@80 grid in(b) and(c)
and a 25& 768 grid in(a), (d), and(e). The fixed computational domain has a dimension Bf1% times the initial drop diameter ifb) and(c) and 5
X 25 times the initial drop diameter @), (d), and(e). The dashed line i), (d), and(e) represents the actual bottom boundary of the computational domain.

The gap between two successive drops in each column represents the distance the drop travels at a fixed time interval and the last interfacé*is-plotted at
(a) 44.72;(b) 79.06;(c) 89.44;(d) 37.94;(e) 38.73.

rates from the drop, leaving the film to move toward the axisrespectively. Since the velocity is nondimensionalized by
due to the flow around the smaller remaining drop. Ja,D, the graphs for different values of Eo all have the

In Fig. 9, vorticity contourgleft) and streamlinegright)  same initial slope. After the initial acceleration, the drop de-
are shown for the drop in Fig.(6. Here, the vorticity gen-  formation, which depends on Eo, determines the velocity. In
erated at the interface moves with the drop, forming a dipolq:ig. 10, drops with low Eo deform less and therefore move

that continuously deforms the interface into a forward-facingfaster than drops with high Eo. The lowest Eo dfEo=12)
bag. '

Figures 10 and 11 show the centroid velocity of the drop:symptciltlc?lly rgaches a ;teady sta;e fvelo_c 'y, _tr)rl:t the other
V. plotted versug* for the drops shown in Figs. 5 and 6, 4roPs all slow down as they start deforming. The=£x4

(a) & =4.24 (b) t* =8.48 (c) t* =12.7 (@ ¢ =17.0

FIG. 7. Vorticity contours(left) and streamlinesright) for the drop in Fig. %c). py/p,=10, E0=28.8, O =0Ohy=0.05. The results are shown for four
selected times.
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(a) t* = 3.06 (b) t* =4.08 (c) t* =5.10 (@) ¢t =6.12 (e) t* =7.14

FIG. 8. Vorticity contourgleft) and streamline&ight) for the drop in Fig. ). pq/p,= 10, Ec=60, Oh,=0Ohy=0.05. The results are shown for five selected
times.

drop also reaches a steady velocity. The drops that undergehen breakup occurs, and that the backward-facing bag
bag breakup first behave like the £84 drop, but as the bag breakup mode takes longer than the shear breakup mode.
forms, the drops slow down rapidly. At the very end, theThe drops undergoing a shear breakup show a reduction in
Eo=36 drop speeds up again, as the rim of the drop startsurface area when the film moves toward the symmetry axis.
falling independently of the bag. The rest of the drops allThe graphs fopy/p,=1.15 in Fig. 13 also display a rapid
slow down rapidly as they are stretched perpendicular to thencrease of the surface area when the drops break up. How-
flow, and all speed up again as the thin film pulled from theirever, the drops with the highest Eo show a rapid increase in
edges folds back toward the axis. The results for the smalurface area after the rim starts falling, and the surface area
density difference in Fig. 11 show a similar trend, but with aof the drop undergoing bag breakup grows relatively slowly
few differences. The transient drqo=48) reaches a ve- compared to the higher density ratio drops.
locity that is nearly the same as the velocity of the drop
moving with a steady deformed shafieo=12) and the re-
duction in speed due to bag breakup is smaller than in Fig[.)' Effect of Oh
10. Figure 14 illustrates the effect of the Ohnesorge number
In Figs. 12 and 13, the surface ar@gnormalized by the (the nondimensional viscosijtyor drops with a finite density
initial value S;) is plotted versus* for the drops shown in ratio, py/p,=10. The drops are shown at several times.
Figs. 5 and 6, respectively. The graphs fiqr p,=10 in Fig.  Here, OR is equal to Of. The case where Qhs different
12, show that a rapid increase of the surface area takes plat®m Oh, will be discussed in the next section. In the top row

(a) t* =3.87 (b) t* =7.75 {c) t* =116 (d) t* =155

FIG. 9. Vorticity contourgleft) and streamlinegright) for the drop in Fig. 6e). pq/p,=1.15, Ec=144, Oh=0.05, Ol=0.0466. The results are shown for
four selected times.
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Ve 15F . S/Ss

FIG. 10. Centroid velocity versus® for the drops shown in Fig. 5. The F|G, 12. Normalized surface area vergtisfor the drops shown in Fig. 5.
results are presented for EA2, 24, 28.8, 36, 48, 60, 72, 96, and 144. The results are presented for £b2, 24, 28.8, 36, 48, 60, 72, 96, and 144.
palpo,=10, Oh=0hy=0.05. palpo=10, Ohy=0Oh,=0.05.

[(@—(c)], Oh=0.05, 0.125, and 0.25, from left to right, and symmetry axis, does not occur. In contrast, the center portion
Eo=28.8. The Ok-0.05 casda) has already been shown in of the drop in(f) is drained completely, and the drop forms a
Fig. 5(c), but is included here for comparison. The initial backward-facing bag.

deformation of all three drops is similar, but whereas the  Based on the results shown in Fig. 14, it is clear that
Oh=0.05 drop(a) deforms into a backward-facing bag, the increasing both Qhand Oy simultaneously results in a
other two drops reach a steady state shape. Of those, the laggnslation of the boundaries between the breakup modes to
viscous drop(b) is flatter. higher Eo.

In the bottom row{(d)—(f)], Eo is increased to 144 and Figure 15 illustrates the effect of viscosity on the initial
the evolution of the drops is presented for the same thregieformation of drops withpy/p,=1.15. In addition to runs
values of Oh as in the top row. Ifd), the drop already with a finite viscosity, we show simulations with zero vis-
shown in Fig. %) is included for reference. This drop under- cosity, obtained by an axisymmetric vortex meth¢sbe
goes a so-called sheér boundary strippingbreakup. The  Dahm, Frieler, and Tryggvas®h. In the top row, Ee=24
Oh=0.125 drop(e) shows a similar evolution as the drop in and OH is 0.05, 0.025, 0.01, and O from left to right. In all
(d), although the rate of deformation is reduced slightly. Thecasesuq/u,=1. While the initial acceleration is dominant,
center portion of the drop still contains a significant amountall the drops evolve in the same way. As time progresses,
of drop fluid and formation of a backward-facing bag, whichviscosity effects become important and the viscous drops
requires the formation of a very thin film of fluid near the will eventually develop a backward-facing bag due to the

0.35

V. 5156

0 10 20 ) 40 50 50 70 % 90 0 10 20 % m % 60 70 80
t* t
FIG. 11. Centroid velocity versus® for the drops shown in Fig. 6. The FIG. 13. Normalized surface area vergtisfor the drops shown in Fig. 6.

results are presented for EA2, 24, 48, 96, and 144/p,=1.15, Oh The results are presented for £b2, 24, 48, 96, and 144,/p,=1.15,
=0.05, Ol=0.0466. Oh,=0.05, Ol=0.0466.
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Eo== is investigated. Since Qhs defined with the surface
tension in the denominator, it cannot be used as a measure of
viscosity in this case. Instead, another non-dimensional num-
ber is defined:

\ WA

D D
D

D ;L: Mo _ i

=7 D VpoApD-a, \/N,

where Ar is the Archimedes number. Results for three values

D of ,&=0.01021(e), 0.00513(f), and 0.00204(g) are com-

) pared with results forx=0 (h). In all casesug/pwo=1.

g From the plots, it can be seen that since there is no surface

o) tension limiting the deformation, all the drops evolve in a

similar way: first an indentation forms at the top, then the

) drops defornl into a forward-facing bag with a thick edge.

— 9 The effect of on the overall shape of the drop is relatively
small, with the exception of the rollup of the edge which

’ increases ag is reduced.

(17)

E. Effect of the viscosity ratio

The results presented so far are all for drops moving in
~ = another fluid that has the same or almost the same viscosity.
The effect of the viscosity ratio is shown in Fig. 16, where
the drops are shown for several values of the governing pa-
e rameter. In(@) and(b), py/p,=10 and Oh=0.05. Eo is 72
in (&) and 144 in(b). In each row, the drop shape is shown at
a fixedt* for Ohy=0.05, 0.125, 0.25, and 1.25, increasing
from left to right. The evolution of the drops i@) is quali-
tatively similar for the three lower values of @hThey all
show a shear breakup mode in which a film of drop liquid is
pulled away from the edge of the drop. The drop with the
highest Of in the rightmost column, however, has not pro-
gressed as far, and will eventually form a forward-facing
bag. The comparison ifth), for Eo=144, shows the trend
observed in@). Comparisons for drops withy/p,=1.15 are
presented iric) and(d). In (c), Eo=24 and OQR=0.05. The
drops are shown for Qk-0.0093, 0.0466, 0.2331, and
1.1656 (from left to right att* =63.2. The drops with the
three lower viscosity ratios form a backward-facing bag and
the drop deformation is most pronounced when the viscosity
ratio is smaller. In contrast, the most viscous drop develops a
steady disk-like shape. Ifd), Eo=144 and Op=0.25 and
the drops are shown for four different values of the drop
(d) Oh = 0.05 () Oh = 0.125 (f) Oh = 0.25 Ohnesorge numbers, @h0.0093, 0.0466, 0.2331, and
1.1656(from left to right att* =27.1, 27.1, 46.5, and 62.0,
FIG. 14. Effect of Oh for drops witlpy/p,=10. The drop evolution is respectively. The times are not the same because as the vis-
shown for three Ofi=Ohy=0.05, 0.125, and 0.25. In the upper ré@—  cosity ratio increases, the drops deform much more slowly.
S e o o o s o 1€ Here, the edge o the op s pulled baciaward o  thi sk
or the three lower viscosity ratios. The most viscous drop,
Ohy=1.1656, does, on the other hand, form a backward-
facing bag.
formation of a wake. See Fig(l® for further deformation of In Fig. 17, the evolution of the centroid velocity is plot-
the drop in(a). The inviscid drop(d), on the other hand, ted for the drops shown in Fig. 16. Initially, while the drops
loses fluid to a film pulled off its edge. Since this drop doesare nearly spherical, acceleration is independent of the vis-
not develop a vortical wake, it does not form a backward-cosity of the drop fluid. As the drops start deforming, they
facing bag. Similar deformation is also seen for inviscidslow down due to increased drag. For the drops withp,
bubbles>® =10 shown in(a) and(b), the higher viscosity drops deform
In the bottom row, the limit of zero surface tension, i.e., more slowly and therefore move faster. At a later time, how-

(a) Oh = 0.05 (b) Oh = 0.125 (c) Oh = 0.25

JTE S sUs

M\\,UW
W\L\t,\suuu
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(a) Oho = 0.05 (b) Oho = 0.025 (c) Oho = 0.01 (d) Inviscid

(e) i = 0.01021 (f) is = 0.00513 (8) i = 0.00204 (h) Inviscid

FIG. 15. Effect of Oh on the initial deformation of drops with/p,=1.15. In all casesuq/u,=1 and the time intervals between successive interfaces,
At; =1.581. In the upper rowa)—(d), Eo=24 and in the lower rovie)—(h), Eo= (zero surface tensignThe viscous simulation@—(c) and(e)—(g) were
done using a 128384 grid.(d) and (h) were done using an inviscid vortex method.

ever, the most viscous drop (@) forms a backward-facing Increasing the drop viscosity reduces its rate of deforma-
bag and slows down continually. Ift), where the density tion and in some cases, this can result in different breakup
ratio is lower, the most viscous drop reaches a steady stataodes, changing a shear breakup to a bag breakup, and a bag
shape and velocity. The other drops all form bags and arbreakup to a steady-state shape.

relatively unaffected by changes in the drop viscosity.dn

the low viscosity drops speed up again, once a skirt has be _ .

pulled off their nge:f, incﬁ)icatingpthgt the skirt has no signifi-e'g Deformation and breakup regime maps
cant effects on the motion at this stage. The most viscous To summarize the results of the various simulations, de-
drop, on the other hand, forms a backward-facing bag anébrmation and breakup maps are presented in Figs. 18 and
continues to slow down. 19. In the maps, we mark the location of each simulation in
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FIG. 16. Effect of the viscosity ratio.

In each row, the drops at a late time
are shown for different values of the
drop viscosity while other parameters
are fixed. In(a) and (b), Ohy=0.05,
0.125, 0.25, and 1.2%from left to
right). In (c) and (d), Oh;=0.0093,
0.0466, 0.2331, and 1.1656om left
to right).

(b) pa/po = 10,0h, =0.05, Eo = 144

Ty o B

t" =63.2 ¢t =63.2 " =63.2 t* =63.2

(¢) pa/po = 1.15,0h, = 0.05, Eo = 24

=271 =271 ' =46.5 t" =620

(d) pa/po = 1.15,0ho = 0.25, Eo = 144

the Oh—Eo plane, using a different symbol, depending onhowever, not as significant as that between the backward-

the deformation and breakup mode observed. Similafacing bag and the shear breakup modes.

breakup maps have been used to present experimental results When OR is increased to 0.125, map), the increased

by numerous investigators. Figure 18 shows the result o¥iscosity of the surrounding fluid slows the drop down and

simulations withp4/p,=10. Three maps are showa—(c),  reduces the rate of deformation. At £h0.05, increasing Eo

corresponding to different ambient Ohnesorge numbers. Yields the following transitions between breakup modes: de-
The map for a relatively small Qk-0.05(a) shows that formed drop — backward-facing bag— shear breakup.

increasing the magnitude of Eo at a fixed drop Ohnesorg&hen the boundaries between these breakup modes are com-

number (OR=0.05) results in the following transitions be- pared to the same Qfin map (a), some differences are ob-

tween the different breakup modes: oblate ellipsoidserved. The backward-facing bag, which was observed at

—backward-facing bag mode: transient breakup- shear E0=28.8 in(a), is now seen at Ee36. At Eo=48, the tran-

breakup mode. Changing Qlfior a fixed Eo, on the other sient breakup is no longer observed and instead we see a

hand, yields only minor differences in the breakup modebackward-facing bag.

Increasing Of from 0.05 to 1.25, when Eo is fixed at 28.8, The effect of changing Qhat a fixed Eo is also exam-

for example, does not change the breakup mode. Fer/20 ined in(b). When E=28.8, changing Qhfrom 0.05 to 1.25

and 144, a change from a shear breakup mode to a forwardesults in only minor differences. The @h0.05 drop dis-

facing bag mode is observed, as Q& increased from 0.25 plays a prolate shape after an initial oscillatory motion but

to 1.25. The difference between these two breakup modes idrops with higher Ofydeform into oblate ellipsoids with an
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FIG. 17. Centroid velocity versu$ for the drops shown in Fig. 16.

indentation(or a dimple at the top. At Ee=72, the effect of transitions between breakup modes as Eo is increased: oblate

changing Of is more significant. Only the Qk-0.05 drop  ellipsoid — backward-facing bag— oscillating indented

shows a shear breakup mode, while the higheg @bps all  drop — forward-facing bag. It is clear that increasing Oh

form a backward-facing bag. At Edl44, on the other hand, has no major effects. The only exception is when, ®k-

the breakup modes are generally similar to those observed gbmes large # 1) and Eo is relatively low. In this case, the

(a), showing no significant change with @h backward-facing bag breakup mode is replaced by a steadily
When OHh is increased to 0.25 in majg), the effect of moving indented drop.

the drop viscosity becomes more significant. At=28.8, When OR is increased to 0.28b), a backward-facing

four simulations With Oh ran.girllg from 0.05 to 1.25 ghow bag mode is no longer observed when=E4!. Instead, a

deformed drops, which are similar to those observe@)rat steadily moving indented drop is seen for the Onge

the same Eo. At Ee72, four simulations with Ohin the investigated. The breakup mode at-Eb44 also changes

same range all show the formation of a backward-facing bagfrom a forward-facina baa mode to a skirted drop when Oh
This is different from the result itb) for the same Eo, where . small (<1). A for?/var(?facing bag mode is o?)servgd at

the shear breakup mode changes to a backward-facing bal / - )
0=288. As in(a), no noticeable effects of changing Qhat

mode as Of increases. At Ee144, only the Oh=0.05 i
drop shows the shear breakup mode seejimnd (b). The @ fixed Eo, are observed as long asq@i. When Oh

Ohy=0.125 drop deforms into a forward-facing bag and the>1, the drop develops a backward-facing bag when Eo
higher Ofy drops display a backward-facing bag mode. ~ =144.

In Fig. 19, deformation and breakup regime maps are In map(c), Oh,=1.25 and the high viscosity prevents
presented for drops wittpy/p,=1.15. Three maps are nearly all deformation. When Ee24, the drop remains an
shown in(a)—(c), for ambient fluids with Oh=0.05, 0.25, oblate ellipsoid but for Ee 144, the drops develop an inden-
and 1.25. The map for Q& 0.05(a), displays the following tation at the top. The indentation of the more viscous drop
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FIG. 18. Deformation and breakup regime maps dggfp,=10. Three maps are shown for 3h0.05, 0.125, and 0.25. In each map, the horizontal and
vertical axes are Qhand Eo, respectively.
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FIG. 19. Deformation and breakup regime mapsdgfp,=1.15. Three maps are shown for $310.05, 0.25, and 1.25. In each map, the horizontal and
vertical axes are Qhand Eo, respectively.
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(Ohy=1.1656) deepens continuously until it reaches the botthe low density ratio case is similar in sha@xcept that no
tom surface of the drop, forming a vortex ring. blob was formedl The skirt, however, appears only at a rela-
tively higher Oh and grows slowly once it has formed. In
contrast, the shear breakup mode in the higher density ratio
case occurs across the Oh range investigated here. The
The deformation and breakup of axisymmetric drops, acboundaries between the breakup modes at low Oh remain
celerated by a constant body force, have been studied bgssentially the same as for the low density ratio case.
numerical simulations. Results are presented for two density In most practical combustion systems, the density differ-
ratios, py/p,=1.15 andp4/p,=10. For the lower density ence between the liquid fuel and the high pressure gas is
ratio, the Boussinesq approximation is valid and the resultsonsiderably smaller than at atmospheric temperature and
therefore apply for other low density ratios by the simplepressure. For diesel engings;/p,=32—53, for example,
rescaling discussed in Sec. Ill. For low Ohnesorge numbergsee Heywood) and py/p, of order unity is common in
the Edvos number and the density ratio are the main con+ocket motors. Nearly all experimental studies of secondary
trolling parameters. At low density ratios the drop deforms,breakup of drops, however, have been done at atmospheric
but does not break up for Eo less than about 18. For 1®ressures. In the present study we approach the breakup
< E0< 36 (approximately, the drop breaks up by the forma- problem from the small density ratio limits, thus comple-
tion of a backward facing bag. Transient breakup is observethenting previous work. Covering the gap for density ratios
for Eo around 48, and for Eo larger than about 60, the drofpetween those studied here and the experiments is within the
evolves into a forward-facing bag. range of present computational capabilities, but requires con-
The formation of a forward-facing bag takes place verysiderably longer computational times.
quickly (the drop has moved only 3—4 times its initial diam-
eter when the bag is formg@nd is essentially an inviscid ACKNOWLEDGMENTS
phenomenon. The formation of a backward-facing bag, on
the other hand, takes significantly longéhe drop has
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