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The interaction between turbulence and surface tension is studied numerically using the
one-dimensional-turbulence (ODT) model. ODT is a stochastic model simulating turbulent
flow evolution along a notional one-dimensional line of sight by applying instantaneous
maps that represent the effects of individual turbulent eddies on property fields. It provides
affordable high resolution of interface creation and property gradients within each phase,
which are key for capturing the local behavior as well as overall trends, and has been
shown to reproduce the main features of an experimentally determined regime diagram
for primary jet breakup. Here ODT is used to investigate the interaction of turbulence
with an initially planar interface. The notional flat interface is inserted into a periodic
box of decaying homogeneous isotropic turbulence, simulated for a variety of turbulent
Reynolds and Weber numbers. Unity density and viscosity ratios serve to focus solely
on the interaction between fluid inertia and the surface-tension force. Statistical measures
of interface surface density and spatial structure along the direction normal to the initial
surface are compared to corresponding direct-numerical-simulation (DNS) data. Allowing
the origin of the lateral coordinate system to follow the location of the median interface
element improves the agreement between ODT and DNS, reflecting the absence of lateral
nonvortical displacements in ODT. Beyond the DNS-accessible regime, ODT is shown
to obey the predicted parameter dependencies of the Kolmogorov critical scale in both
the inertial and dissipative turbulent-cascade subranges. Notably, the probability density
function of local fluctuations of the critical scale is found to collapse to a universal curve
across both subranges.

DOI: 10.1103/PhysRevFluids.9.104003

I. INTRODUCTION

The interface/turbulence interaction between two fluids in a turbulent environment has an im-
portant role in many technical processes, e.g., spray painting and primary liquid atomization in
combustion devices. Primary atomization has a significant role in spray formation and its character-
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istics. Combustion performance such as efficiency and emissions creation is extremely dependent
on spray characteristics. For these reasons, primary atomization has been studied theoretically and
experimentally for a long time [1-3], but our understanding of liquid atomization is still inadequate.

Atomization in turbulent environments involves a vast range of length and time scales. Predictive
simulations with high spatial and temporal resolution, i.e., direct numerical simulations (DNS) and
high resolution large-eddy simulations (LES), are used to study liquid-gas interface dynamics during
primary breakup, but resolution of all relevant scales is limited by the available computational
resources [4-0].

Consequently, for practical simulations of engineering interest as well as to investigate the
physics and scalings of primary breakup beyond the parameter range of DNS studies, a predictive
and computationally affordable interface dynamics model is highly desirable.

Past studies showed that the surface instability on the liquid jet core has a critical role in the
jet breakup process. These instabilities are interpreted mainly by using linear analysis [7-10], but
recent studies show that the assumptions of linear stability analysis are violated in the presence of
a significant nonzero normal velocity at the interface. Therefore such a formulation is not sufficient
for describing atomizing liquids in complex geometries or at high Reynolds numbers.

So other approaches are needed to understand and model the interactions between two immiscible
fluids in a turbulent environment. Such turbulence-interface interactions have been studied by
several researchers.

Li and Jaberi [11] studied the interplay between surface tension and baroclinity near the interface
and their impact on turbulent kinetic energy dissipation. Trontin et al. [12] isolated the interaction
between fluid inertia and surface tension in a box of three-dimensional (3D) decaying homogeneous
turbulence and studied anisotropic effects of surface tension on the surrounding turbulence. Studies
conducted by McCaslin et al. [13,14] for a case similar to [12] showed that surface tension increases
energy in the flow field at small scales and that interface corrugations are greatly suppressed at length
scales smaller than the critical radius at which there is a balance between strain-induced wrinkling
and surface-tension-induced smoothing of corrugations.

One objective of this study is to support the development of a new modeling approach for
turbulent jet breakup based on the one-dimensional-turbulence (ODT) model. ODT was recently
used [15] to reproduce the main features of an experimentally determined regime diagram for
primary jet breakup, followed by detailed comparison to a 3D numerical simulation [16]. This
stochastic modeling approach provides high resolution affordably by resolving all relevant scales
only in the direction normal to the phase interface using a modeling construct that captures 3D
effects. The low computational cost of ODT compared to fully resolved 3D DNS overcomes the
restriction of DNS to moderate Reynolds and Weber numbers.

Here the ODT model representation of phase-interface motion within turbulent flow is assessed
by comparing ODT and DNS results for a regime that isolates just the interactions between surface
tension and turbulence. In both DNS and ODT simulations, a planar interface is inserted into a box of
decaying homogeneous isotropic turbulence (HIT) and the flow-induced deformation of the initially
planar interface and response of the flow to the associated surface-tension effects is examined.

The DNS time advances the incompressible Navier-Stokes equations for immiscible two-phase
flow in which all fluid properties are considered to be constant and identical in the two phases.
This constraint on the fluid properties enables efficient DNS implementation that is well suited for
fundamental study of surface-tension effects [13,14], serving in the present study as a source of
validation data complementary to previous validations for which the fluid properties were not so
constrained [15,16].

Some needed notations are introduced by presenting the DNS momentum equation,

u 1 ) 1
— +u-Vu=—-Vp+vVu+ —f,, (1)
ot P 2
where u is the velocity, p the density, p the pressure, v the kinematic viscosity, and f, the surface
tension force, which is nonzero only at the phase interface. In Sec. III B the DNS formulation is
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TABLE I. Cases simulated using ODT. Cases 1-4 were also simulated using DNS.

Case Re;, We,,
1 155 ()
2 155 1.36
3 155 8.47
4 155 21.06
5 155 100
6 155 500
7 155 1000
8 155 4000
9 155 8000
10 500 100

summarized, including citations of publications that present the complete equation set and time-
advancement scheme.

II. FLOW CONFIGURATION

The studied flow configuration was previously investigated using DNS [13,14], albeit for differ-
ent values of the governing parameters than those used in the present study, which are shown in
Table L. It involves two stages.

First, the free decay of turbulence is simulated until it reaches the homogeneous isotropic state.
After reaching HIT, an interface is inserted at the targeted value of the Taylor-microscale Reynolds
number Re;, = Urmshg/V, Where ums denotes the root-mean-square velocity fluctuation and A, =

«/I_O(nzLim)l/ 3 is the Taylor microscale. Here 5 is the Kolmogorov length scale and Ly is the
characteristic length scale of the large eddies. In terms of the turbulent kinetic energy (TKE) k per
unit mass, which is k = %ufms for isotropic turbulence, and the TKE dissipation rate €, these length
scales are n = (v3/€)/* and Ly = k%2 /€. In order to focus on turbulence-interface interactions,
the same density and viscosity are assigned for both phases and a phase index is used to distinguish
them.

When turbulence has decayed to a prescribed Taylor-scale Reynolds number Re, , which in this
study is 155 (except for one ODT case for Re;,, = 500), the second part of the simulation is initiated
by inserting a planar phase interface into the middle of the box. The phase on each side of the
interface is assigned a unique index. In data reduction involving time-varying flow parameters, their
values at the instant of interface insertion at nominal time + = O are used because the physical
meaning of these becomes ambiguous as surface-tension effects induce flow inhomogeneity.

As indicated in Table I, ODT results are reported for a range of values of surface tension o,
corresponding to a range of turbulent Weber numbers, defined as We;, = ou> Ag/0, evaluated at

rms

the instant of interface insertion. Model results are compared to the available DNS cases.

III. METHODS

A. One-dimensional turbulence

The ODT formulation used in this study is described briefly in Appendix A. For detailed expla-
nations, see recent overviews [17,18] and a reported model extension incorporating advected phase
interfaces subject to surface tension [15,16]. The advantages of a turbulence model formulated as a
one-dimensional (1D) unsteady stochastic simulation are twofold. First, a 1D formulation enables
affordable simulation of high-Reynolds-number turbulence over the full range of dynamically
relevant length scales, resolving the interactions between turbulent advection and microphysical
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processes such as viscous dissipation. Second, this approach permits high resolution of properties
in the direction of the most significant gradients or flow-structure variations, here denoted by the
spatial coordinate y, and on that basis is found to reproduce diverse flow behaviors.

In contrast to common approaches based on the Navier-Stokes equations, ODT uses a set of
mechanisms modeling the physical effects phenomenologically on a 1D line of sight through the
domain. The property fields defined on the 1D domain evolve by two mechanisms: molecular
transport and a stochastic process representing advection. The stochastic process consists of a
sequence of "eddy events," each of which involves an instantaneous transformation of the velocity
and any other property fields. In this application the only other property field is the phase index,
which is subject to advection but no change of the index values of individual fluid parcels during
molecular transport. During the time interval between each eddy event and its successor, velocity
profiles are time advanced, governed by the viscous transport equation

dui(y, 1)/dt = vd*u;(y, 1)/3y", 2)

where u; with i € 1, 2, 3 are the three velocity components.

The eddy events representing advection may be interpreted as the model analog of individual
turbulent eddies. Each possible eddy event is characterized by a length scale (the eddy size) and
a location (e.g., its left boundary) on the 1D domain. The velocity profiles within the eddy range
allow a kinetic-energy diagnosis that, in combination with the eddy size, yields an eddy frequency.
Occurrences of actual (versus possible) eddies are randomly sampled based on the family of eddy
frequencies using a mathematical technique called thinning (see Appendix A 2). The unique feature
is that the eddy frequency is based on the current flow state within the spatial extent of a given
eddy, so it is different for each possible eddy and varies as the flow state evolves. Thus, although
the velocity profiles u;(y, t) do not advect fluid along the y coordinate, they indirectly influence
advection through their role in determining the time-varying rates of occurrence of the various
possible eddies. This enables the model to capture dynamical details that are flow specific based on
the initial and boundary conditions and any local or distributed energy sources and sinks, such as
surface tension, whose interaction with turbulent flow is the present focus.

The instantaneous timescale governing the sampling of a given eddy is obtained using the
appropriate dimensional combination of the eddy size and a measure of kinetic energy based on
the profiles u;(y, t) within the eddy spatial interval. This approach allows surface tension (and other
such effects) to be incorporated by modifying the kinetic energy due to eddy-induced change of the
total phase interface associated with the eddy. This modification is implemented by changing the
profiles u;(y, t) within the eddy interval in a way that applies the prescribed kinetic-energy change
while conserving the y-integrated momentum of all velocity components.

This procedure has two effects. First, it modifies the likelihood of eddy occurrence during a
given time increment. For example, this likelihood is zero if the surface-tension effect requires
a kinetic-energy reduction that exceeds the presently available kinetic energy within the eddy
interval, indicating that the eddy is energetically forbidden. Second, if the eddy is implemented, the
associated changes of the profiles u;(y, t) represent the surface-tension-induced flow modification.
Thus, eddy events not only advect the phase index, resulting in an implied change of interface area,
but they also capture the effect of the latter on the flow.

Periodic boundary conditions are applied in all directions (therefore for ODT, in the y direction,
which is the only available direction). When fluid crosses a periodic boundary in the y direction, its
phase index flips so that the periodicity does not cause the creation of artificial phase interfaces.

As shown in Appendix A, eddy events can increase but not decrease interface surface area
and ODT as presently formulated has no mechanism representing the latter. For the decaying HIT
configuration considered here, this implies that the eventual restoration of interface planarity after
the turbulent motions are fully dissipated cannot be captured by the model. Therefore the present
study focuses on the early development of surface area, which is the regime of strongest interaction
between turbulence and surface tension and hence is of particular interest. Accordingly, the time
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FIG. 1. Turbulent kinetic energy evolution for homogeneous decaying turbulence.

duration of simulated realizations is short enough so that the physical interface never reaches the
lateral boundaries during DNS runs.

Reported results for all ODT cases are ensemble averages of 2000 simulated realizations. Due to
run-to-run statistical variability, the physical interface reaches a y boundary during a few of these
realizations. Then the phase indices are changed as needed to prevent the interface from crossing the
boundary and thus appearing unphysically near the opposite boundary due to the periodic boundary
conditions. Owing to the rarity of this situation, the impact of this modification on the statistical
outputs that are reported is negligible.

B. Direct numerical simulation

The DNS data is generated using a full 3D incompressible Navier-Stokes flow solver [2,19]. Each
phase is transported using an unsplit geometric semi-Lagrangian volume of fluid (VOF) method
[20], with the curvature calculated through a mesh decoupled height function [21] and the pressure
jump due to surface tension is imposed using the ghost fluid method [22].

IV. VALIDATION OF THE ODT REPRESENTATION OF HIT

To simulate HIT, the ODT flow state is initialized with a low-wavenumber narrowband velocity
profile. Periodic boundary conditions are imposed. uys is initially high enough so that Re;, is much
greater than the target value. As a result, ODT relaxes to a state that corresponds to freely decaying
HIT when this target value is reached. A planar phase interface is then inserted at the midpoint of
the domain, followed by further time advancement. The instant of interface insertion is designated
as time ¢ = 0, and the time coordinate is scaled in all plotted results by the large-eddy turnover time
T = k/e evaluated atr = 0.

ODT model parameters were set by comparison to the infinite-We; , DNS case, for which the flow
continues to behave as decaying HIT after r = 0 because the interface is dynamically passive for
this case. Parameter setting is based only on the flow properties for this case, so interface evolution
for this case, as well as for ﬁnite-WeA)2 cases, is a model prediction that is shown in Sec. V. On this
basis, the ODT model parameters defined in Appendix A 2 are chosen to be C = 5.2 and Z = 10.

C scales the overall eddy rate, and therefore the turbulence decay rate. Figure 1 shows the
evolution of turbulent kinetic energy in both ODT and DNS simulations of decaying HIT. The
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FIG. 2. For homogeneous decaying turbulence at Re;, = 155, normalized DNS and ODT 1D spectra of
transverse velocity fluctuations E,,(k)/(ev>)!/* (black lines), (kn)~>/3 (dashed blue line), (kn)~> (solid blue
line).

good agreement of ODT with the DNS turbulence decay was obtained by tuning C to match the
DNS energy dissipation att = 0.

Z scales the viscous suppression of eddy occurrences, mainly at small scales, and therefore
primarily affects the Kolmogorov scale. Importantly, the ODT treatment of viscous processes
captures key features of the viscous-inertial balance such as the correct Re;, dependence of the
wavenumber (k) range of the inertial cascade.

The influence of Z is thus seen in the extent of the inertial range for given Re;, prior to the
high-wave-number roll-off of the velocity spectrum into the dissipative wave-number range. The
comparison of ODT and DNS spectra is shown in Fig. 2.

In ODT, the distinction between the spectral properties of longitudinal and transverse velocity
components is not captured because these velocities do not directly advect fluid in ODT and are not
subject to the solenoidal condition that creates the distinction between longitudinal and transverse
velocity in physical turbulence. (Alhough the solenoidal condition has no meaning in ODT, the
1D analogs of this and other conservation properties are obeyed by ODT.) Therefore the ODT 1D
velocity spectra E;;(k) are the model analogs of the transverse velocity spectrum Ej;(k) for all
j. This spectrum, normalized by (ev3)!/4, is shown in Fig. 2. A k interval exhibiting the k~=>/3
inertial-range scaling is seen. As explained previously [23], this scaling is an outcome reflecting
ODT conservation properties and multiplicative (and therefore self-similar) scale reduction by
triplet maps, rather than a behavior that is hard-wired into the model.

Because ODT and DNS are compared in Fig. 2 at the same value of Re; , and Z has been tuned to
match the k range of the DNS inertial cascade, the degree of consistency that is seen in the figure is
expected. A noteworthy feature is that the ODT inertial range is in better conformance to k~>/3
scaling than is the DNS spectrum. It is known that higher Re, is needed to see close conformance
of DNS spectra with this scaling. (The chosen Re;, for this study reflects affordability constraints
resulting from the algorithmic complexity of interface tracking.) ODT does not reproduce this
gradual approach to k=3 scaling with increasing Re;, because it is formulated on the basis of
similarity principles that are inherently high-Re;  properties.

The monotonic decrease of the DNS spectrum indicates that the flow has entered the regime of
bounded decaying turbulence in which the integral scale is constrained by the periodic boundary
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condition. The low-k zig-zag of the ODT spectrum suggests otherwise for ODT, but this is likely to
reflect an artifact of the triplet map. By creating three compressed images of the premap flow state in
the eddy interval, it boosts the spectrum amplitude at k corresponding to one third of the eddy size.
For the largest eddies, which are of the order of the domain size in the bounded-decaying-turbulence
regime, this promotes the emergence of a spectrum peak at a k value that is a factor of three higher
than the k value corresponding to the domain size, which is consistent with the behavior seen Fig. 2.

In principle, this applies to eddies of all sizes, but the effect tends to wash out because each
intermediate k value is subject to spectrum enhancement by eddies of a particular size. However,
there are no eddies larger than the domain, so this pattern is broken at the lowest k values. A related
consideration is that eddy after-effects at intermediate scales are subject to rapid spatial dispersal
by subsequent eddies of any larger size but the largest-scale after-effects are subject only to gradual
erosion by eddies of the same size or smaller.

The k range of the zig-zag is consistent with these considerations. Hence the zig-zag does not
contravene the clear implication of the comparisons thus far to DNS results that the ODT flow has
likewise entered the regime of bounded decaying turbulence.

In the broader context of decaying turbulence more generally, collapse of ODT kinetic-energy
spectra in dissipation-scaled coordinates for bounded and freely decaying turbulence as well as sta-
tionary forced turbulence has been demonstrated, including a demonstration of high-k insensitivity
to Reynolds number [23]. In the same study, power-law decay of velocity variance in freely decaying
turbulence in close agreement with measurements of the scaling exponent was reported.

The ODT spectra shown in that study exhibit the same slower high-k falloff relative to mea-
surements that is seen relative to DNS in Fig. 2. This was explained based on the sequential
(versus concurrent) time advancement of advection and viscous transport respectively, which is
an unavoidable consequence of advecting fluid by means of a sequence of instantaneous maps. In
effect, the discrepancy is caused by a splitting error. Analysis of this split advancement yielded k>
asymptotic dissipation-range spectrum falloff. In Fig. 2 this is seen to agree well with the far tail of
the ODT spectrum, in fact more accurately than for the original ODT formulation [23]. There is a
short range beyond that scaling regime that appears to be corrupted by the discretization, described
in Sec. VI, of the 1D spatial coordinate. Overall, ODT predictive skill and its limitations with regard
to the phenomenology of decaying turbulence are broadly understood.

V. COMPARISON OF DNS AND ODT INTERFACE STATISTICS

A. Cases and data-reduction procedure

The comparisons of ODT and DNS results that follow are based on the flow states at#/t = 0.5.
Interface structure at 7/t = 0.5 (i.e., after the initially flat interface has deformed for half a large-
eddy turnover time) produced by individual DNS and ODT realizations for cases 1—4 are shown in
Fig. 3.

In the figure, a rendering of the interface shape at a given instant is shown for each DNS case.
Each interface evolves from an initially planar interface that is normal to the vertical direction in the
images, denoted by the coordinate y.

The 1D ODT domain is oriented in the y direction. The capability to capture interface structure
along a 1D y-oriented domain is limited to prediction of the y locations along this line of sight at
which a DNS interface intersects the line of sight.

If the undulations of the interface under the influence of the 3D flow are so mild that no
overhangs develop, then the interface shape at time ¢ can be specified by a single-valued function
y(x, z, 1), where x and z are the coordinates in the plane of the initial interface. Then the illustrated
ODT renderings would simply show a red interval above a blue interval, where the color change
corresponds to the y location of the interface. Such a rendering can characterize the position but not
the structure of the interface, e.g., planar versus wrinkled. Only when the flow-induced distortions
are sufficient to create interface folds that develop into overhangs, corresponding to multiple y values
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DNS oDT
(b) Wey, = 21.06

DNS oDT

-n/2

DNS oDT
(d) Wey, = 1.36
FIG. 3. DNS and ODT interface configurations at time ¢/t = 0.5. Distinct phases on the ODT line are

represented by different colors. The ODT simulations use the same random number seed for all cases so that
eddy-sampling fluctuations do not obscure the systematic trend.
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TABLE II. Mean number of interfaces in DNS and ODT simulations at time 0.57.

Case ODT DNS
We;, = o0 9 10
We;, = 21.06 4 6
We;, = 8.47 3 5
We;, = 1.36 1.6 3

for given (x, z, t), can the y values at which the interface intersects a vertical line of sight begin
to provide meaningful structural information. In this context, ODT is used to generate overhang
statistics, although this terminology is not used in what follows.

Although ODT output cannot fully characterize DNS interfaces for the noted reasons, the DNS
output can be processed in a manner that is entirely equivalent to the information provided by ODT.
Each y-oriented column of DNS cells within the Cartesian mesh contains phase information within
each cell. On this basis, each boundary between cells of unlike phase is identified as a phase interface
(subject to possible interpolation between cell faces). To express this colloquially, it is like sticking
vertical pins through the DNS domain and, for each pin, recording each y location at which the
tip of the pin crosses an interface. This is precisely analogous to the ODT renderings of interface
locations along the y-oriented lines of sight shown in Fig. 3.

This information is extracted from the DNS simulations for comparison to the statistics provided
by ODT. This involves data collection along lines (y direction) normal to the initial interface (x-z
plane), which provides statistics along 512 x 512 lines where each is analogous in terms of data
analysis to an ODT domain. Although the number of such DNS lines greatly exceeds the number of
ODT realizations (2000) for each case, this does not necessarily imply greater statistical precision of
the DNS results because the flow states along neighboring DNS lines are highly correlated but ODT
realizations are statistically independent. Because phase index labeling is arbitrary, all statistical
quantities are symmetric in y with respect to y = 0, so data for positive and negative y are combined
and plotted over the y range [0, ].

Case (a) in Fig. 3 corresponds to We;, = 0o (o = 0), for which the interface is dynamically
passive. It is apparent that the large-scale variations of the interface are similar for each case, but
smaller interfacial features are increasingly lost as We;  decreases to 1.36.

B. Number of interfaces

In what follows, the term interface refers to one intersection of a y-oriented line of sight with
the notional (in ODT) or actual (in DNS) interfacial surface. On this basis, the ensemble average
value of the total number of interfaces along the line of sight at # = 0.5t for cases 1-4 is shown in
Table II.

As noted in Sec. IV, only flow-field information is used to set ODT parameters, and ODT
interface results are predicted accordingly. (In Appendix A 3 it is explained that conversion from
kinetic energy to surface-tension energy resulting from surface-area increase introduces no addi-
tional free parameters for finite We;,, because both energy forms are uniquely defined in ODT, albeit
through simplifying assumptions.) The agreement with DNS in Table II is good for We;, = 0o, with
increasing underprediction as We;, decreases. The We;, = oo result indicates that, in the absence
of surface tension, ODT provides a quantitative representation of material-surface increase, which
is important not only for the present application but also for other applications involving advected
surfaces, such as the propagation of flames and other reacting fronts.

In this context, less accurate prediction for finite We;  can be attributed in part to the ODT
treatment of the aforementioned energy conversion. One assumption in that treatment is especially
inaccurate at low values of We; . Surface-tension energy change is the product of o and the
surface-area change. ODT time advances surface intersections with a line of sight, from which
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surface-area change must be inferred. As noted in Appendix A 3, this is done by assuming that
the phase boundary is an isotropic random surface, consistent with the small-scale structure of
high-Re;,, turbulence. However, Fig. 3 indicates increasing anisotropy with decreasing We,, for
these moderate-Re;, cases.

The prefactor 2 in Eq. (A9) follows directly from the assumption that the phase boundary is
an isotropic random surface. If instead it is a collection of planes normal to the y direction, each
therefore corresponding to one point of intersection with the ODT domain, then the relation @ = 2n
in Appendix A 3 becomes instead o« = n, which eliminates the factor of 2 in Eq. (A9). Figure 3(d)
suggests that the phase boundary is more plausibly idealized as primarily normal to the y direction
at low We;  than as isotropic, so Eq. (A9) potentially overstates the energy penalty for interface
creation by as much as a factor of 2. It is likewise plausible that this could result in half as much
interface creation as a more accurate assumption about interface orientation, so this alone might
explain why Table II indicates that ODT underestimates the number interfaces by almost a factor of 2
for We;, = 1.36. Though an improvement might be achieved by using a more accurate case-specific
prefactor in Eq. (A9), such information is not available a priori when ODT is used for prediction,
and the intent here is to test its predictive capability rather than to do case-specific parameter fitting.
Isotropy should be a reasonably accurate assumption at higher We; and Re;, values of practical
interest, so the agreement should improve relative to the finite-We;, results in Table I1.

Figure 3 also indicates that the surfaces are smoother at lower We;_, implying that the resistance
of the surfaces to wrinkling by small eddies might suppress nearby eddy motions, much as a turbu-
lent boundary layer becomes increasingly laminar as the wall is approached. Then the creation of
surface overhangs, which is required to produce multiple intersections with a y-directed line of sight,
might occur largely due to nonvortical shearing motions applied to locally tilted surface elements.
ODT contains no representation of nonvortical motion, so it does not capture this mechanism and
therefore would not reproduce the full extent of interface generation for conditions under which this
mechanism is important.

To put these observations in context, the present comparisons are constrained by the limited
parameter space that is accessible using DNS, which does not include the high-Re;, regime that
ODT is designed to represent most accurately. Additionally, order-unity errors are substantial in the
context of point predictions, but ODT comparisons to jet breakup, which likewise show errors of
this magnitude, capture trends extending over orders of magnitude in Reynolds and Weber number,
a situation in which order-one point-prediction errors are inconsequential [15]. In this context, the
contributions of the present study are twofold: the simple flow configuration allows a simpler, less
empirical ODT formulation than in [15] to be used, and detailed statistics that DNS can provide
allow comparison of structural features of the interface as well as global properties such as the data
in Table II. These structural features are explored next.

C. Interface number density

The interface number density, shown in Fig. 5, is obtained by taking the y derivative of the total
number of interfaces between y and —y and dividing the result by 2y. Integration of the number
density over [0, 7] gives the ensemble average value of the total number of interfaces on one side of
the initial interface, which is half of the number of interfaces on the whole domain [—7, 7r], where
the latter is the quantity shown in Table II. This procedure yields the unshifted profiles in Fig. 5,
which shows that the ODT profiles are substantially narrower than the DNS profiles.

The DNS images in Fig. 3 suggest that the surface is subject to large-scale displacements in
the y direction superimposed on smaller-scale vortically induced displacements. Large-scale dis-
placements are facilitated by the periodic boundary conditions, which in principle allow nonvortical
streaming motions in the positive and negative y direction.

Adopting the hypothesis that such motions, which ODT cannot capture, contribute to the greater
broadening of the DNS profiles relative to the ODT profiles, the data are reprocessed to eliminate
the possible effects of this mechanism. The number of interfaces along a line of sight at a given
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FIG. 4. Schematic of the shift of the location of the median interface to the origin.

instant must be odd because the pure-phase regions beyond the mixed-phase zone have opposite
phase, so there must be an odd number of phase flips along any trajectory that extends through
the mixed-phase zone. Then there is one "median" interface such that it has an equal number of
interfaces on either side of its location. The displacement of the median interface relative to y = 0 is
deemed to be a measure of the displacement of the mixed-phase zone due to large-scale y-oriented
motions. Therefore each instantaneous state along the line of sight is shifted so that the median
interface is relocated to y = 0, as illustrated in Fig. 4, and this modified data ensemble is then
used to obtain "shifted" interface number-density profiles. The median interface is excluded from
this data reduction because its displacement to y = 0 implies infinite number density at y =0 (a
S-function spike) that reflects data conditioning rather than a physical effect.

ODT interfaces are not subject to nonvortical displacements so the ODT profiles in Fig. 5 that are
based on shifted data are not much different from those that are based unshifted data, but the effect
of the shifts on the DNS profiles is pronounced and brings them into closer conformance to the
ODT results. Full agreement of ODT and DNS profiles is impossible because of the differences
between the areas under each pair curves that is implied by the results in Table II. Given this
unavoidable discrepancy, the agreement of the shapes of the profiles is noteworthy, especially the
low-y plateau-cliff structure that is seen only for We; , = 1.36. The agreement of profile shapes seen
in the shifted results suggests that ODT is at least somewhat representative of the structure of the
DNS mixed-phase zone in a Lagrangian sense, meaning in a reference frame in which the ODT
and DNS mixed-phase zones roughly coincide. Accordingly, this Lagrangian interpretation of the
present ODT formulation is adopted, so results that follow are based on shifted data.

D. Same-phase probability

Two-point statistics provide another perspective on interface structure. Power spectra are appli-
cable in homogeneous directions, but the phase index is statistically homogeneous only in x and z,
while the ODT domain is oriented in the inhomogeneous direction y. Since the power spectrum of a
zero-mean property p is the Fourier transform of its two-point covariance R(y;, y2) = (p(y1)p(»2)),
the latter embodies the same information and can therefore be used. In homogeneous directions, the
covariance depends only on |y; — y,|, but otherwise it is irreducibly dependent on both arguments.

Taking p to be the phase index, with possible values &1, then p(y;)p(y») is +1 (—1) if the phases
at the two locations are the same (different). Then [1 + p(y;)p(y2)]/2 is 1 or O in the respective
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FIG. 5. DNS and ODT interface number density at time 7/t = 0.5.
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instances, so S = (1 + R)/2 is the probability of finding the same phase at the two locations.
Since this embodies the same information as R, the same-phase probability S(y;, y») is used as
a representative measure of the two-point structure of the interface.

This statistic has been evaluated using simulation data, and it is found that the features of interest
are largely captured by the results for y, = —y;. Adopting this specialization, S(y) is defined as the
probability that the same phase index is found at locations y and —y relative to a specified origin.
Based on the results in Sec. V C, the origin is taken to be the location of the median interface along
the line of sight. In Fig. 6, the same-phase probability is plotted as a function of the absolute distance
Ay between y; and y», so the plotted function is S(Ay/2).

Due to the coordinate shift, the median interface is located at the origin, so S(0) is strictly
speaking undefined, but because it reduces to a single-point statistic at y = 0, it is deemed to be
unity. For a vanishingly small but nonzero argument, there is vanishing likelihood of more than one
interface in [—y, y], so S(y) converges to zero in this limit and therefore, as defined, is discontinuous
at y = 0, which is immaterial because S(0) is a noninformative quantity.

The time r = 0.5t was chosen for presentation of results because it is a time when the mixed-
phase zone occupies an order-one fraction of the computational domain but does not closely
approach the domain boundaries. Accordingly, for values of the argument of S corresponding to
locations near the boundaries, the phase indices remain at their initial values and therefore are never
the same, giving S = 0, as seen in the plots.

The y location of the peak of S is a signature of the typical distance from the median interface
to its nearest neighbor, thus identifying an interface-separation microscale. As expected, both DNS
and ODT indicate that this microscale increases with decreasing We;,. ODT predicts the location
of the peak accurately except for the lowest We; value, for which both DNS and ODT indicate
a broad peak, making the location of the peak inherently hard to predict. In Sec. VII a precisely
defined microscale is used to compare ODT results to theory as well as DNS.

A high peak value of S corresponds to low variability of the spatial distribution of adjacent
interfaces, and vice versa. As We;, decreases, fewer interfaces intersect the 1D line of sight,
consistent with greater spatial variability and hence broader profile peaks for lower We; . Similarly,
Table II indicates fewer ODT interfaces than DNS interfaces, consistent with ODT peak heights that
are lower than DNS peak heights in Fig. 6.

Overall, the same-phase probability is found to encode significant structural information. ODT
is seen to capture the main We;  dependencies with a degree of accuracy that is commensurate with
the discrepancies indicated in Table II.

VI. SENSITIVITY TO MESH RESOLUTION

A practical feature of the ODT surface-tension formulation is that it might be useful as a
subgrid closure for large-eddy simulation of turbulence that includes, e.g., an under-resolved
volume-of-fluids (VOF) treatment of phase-interface evolution. This requires the model to be run at
We,, and Re;  values corresponding to the VOF cell Weber and Reynolds numbers. To identify
the ODT resolution requirements for these conditions, We;, = 100 and Re;, = 500 are chosen
as representative values. This is addressed within a more general investigation of the numerical
requirements for ODT application in the parameter space beyond the DNS-accessible regime.

ODT is numerically implemented using a specially designed adaptive mesh that does not limit
the resolution of the spacing of interfaces along the line of sight [24]. In contrast, the DNS is imple-
mented using a uniform grid spacing. The present study compares ODT predictions to DNS results,
so a minimum resolution Aypns = 27 /512 was superimposed on the adaptive-mesh algorithm to
enforce the same resolution in ODT as in DNS. This was done by forcing adaptive-mesh cells to
merge as needed so that no cell size in an ODT simulation falls below the DNS cell size. Eddies are
required to overlap a minimum number of ODT mesh cells, so this can cause suppression of eddies
that might otherwise be implemented, although this does not happen if the lower bound on cell size
is sufficiently small.
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FIG. 6. Same phase probability for DNS and ODT at time ¢/t = 0.5.
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FIG. 7. Mesh resolution sensitivity of the mean number of interfaces predicted by ODT for We,, = 21.06
and Rexg = 155.

As implied by Fig. 3, the formation of interfacial corrugation is suppressed on length scales
smaller than a reference length scale that depends on Weber number. This dependence and depen-
dence on Reynolds number are examined in detail in Sec. VII. Before this is done, sensitivity to
mesh resolution is investigated computationally.

For the case We;, = 21.06 and Re;, = 155, Fig. 7 shows that the DNS mesh resolution is
sufficient to capture the total number of interfaces in ODT simulations. For We; = 100 and
Re;, = 155, the ODT results shown in Fig. 8 indicate that a resolution of 0. lAyDNs is sufficient
with respect to this measure of convergence, while the choice Aypns gives increasingly inaccurate
results as the flow evolves. Further refinement of the DNS resolution would be very costly, so the
contrast between Figs. 7 and 8 indicates that extension of the parameter space of the DNS runs is
impractical.
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FIG. 8. Mesh resolution sensitivity of the mean number of interfaces predicted by ODT for We;, = 100
and Re;, = 155.
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FIG. 9. Normalized ODT 1D spectra of transverse velocity fluctuations for homogeneous decaying turbu-
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Turning now to Re;, = 500, the first consideration is the ODT energy spectrum for the HIT
(We;,, = 00) case. As in Sec. IV, the HIT simulation was initialized so that the flow state relaxed
to HIT structure before reaching the target value of Re; , which in this case is 500. The 1D energy
spectra at the time of interface insertion are shown for various mesh resolutions in Fig. 9. It is seen
that a resolution of 0.1 Aypys is sufficient to resolve the spectrum. For the Weber-number target
We;,, = 100, Fig. 10 indicates that higher resolution is needed to capture all the interfaces, showing
that interface resolution is the most stringent requirement for this case as well as for the case shown
in Fig. 8.

Interface resolution is thus seen to drive the cost of the simulation for conditions relevant to
subgrid closure, requiring a scale range up to five orders of magnitude. ODT simulation under these
conditions is too costly to operate as a fully coupled closure model in each VOF mesh cell. One
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FIG. 10. Mean number of interfaces predicted by ODT at We;, = 100 and Re;,, = 500.
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proposed solution is to use a lower fidelity but more economical model formulation termed virtual
ODT (VODT) [25].

The structure of the closure is as follows. In each control volume, the 3D-resolved interface is
represented as a planar surface that is intersected by a linear VODT domain normal to it. Turbulence
along that domain is forced by a linear shear inferred from the 3D-resolved flow, specifically the
projection of the shear onto the orientation of the VODT domain.

Since VODT is intended to be a practical tool, it will be applied primarily to fluids with different
densities. This will require evaluation of the fidelity of the predicted density-ratio dependence of
interface morphology, in the first instance for ODT and then for VODT. Indeed, this dependence is
not fully understood, so this will involve scientific investigation as well as model validation.

A pertinent consideration not addressed in the present study is whether interface creation along
the VODT domain should be interpreted as interface stretching and folding, as detachments of
objects such as droplets and ligaments, or as a combination of both. In applications to date, the
interpretation has been clear from the context, but this might not hold for a general-purpose subgrid
closure. There are reasonable criteria that could be applied, but this is beyond the scope of the
present study.

VII. PARAMETER DEPENDENCIES OF THE CRITICAL LENGTH SCALE

The separation scale of neighboring interfaces is seen to be both an important signature of
turbulence interaction with surface tension and an important determinant of mesh resolution re-
quirements. It is termed the critical radius in the context of droplet breakup [26], so for present
purposes it is termed the critical scale. In Appendix B, prior analysis of the parameter dependencies
of this scale is restated in a way that identifies a dimensionless group that is predicted to collapse
those dependencies onto a universal scaling function based on the Kolmogorov phenomenology of
homogeneous turbulence.
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ODT critical length scales, DNS results, and the scalings derived in Appendix B are shown in
Fig. 11. The critical length scale has been evaluated previously using DNS data [13,14] and the
same method was used to obtain the DNS results in Fig. 11.

For each simulated ODT realization, the distances of the median interface location from its left
and right nearest neighbors were deemed to be two estimates of the critical length scale. For a
given case, these separation estimates were accumulated from all 2000 simulated realizations at
time ¢/t = 0.5 and the median /, of these estimates was taken to be representative of the ensemble
value of the critical length scale. (The use of medians reduced the influence of outliers.) Thus, each
critical-scale estimate is based on 4000 individual separation values.

Several features of the results are noteworthy. First, ODT results are close to the DNS results
notwithstanding the use of different methods to evaluate /,. Second, ODT results are consistent
with theory for both scaling regimes. The theoretical scaling for the dissipative subrange has not
previously been confirmed and there apparently has been no confirmation for either subrange that
tested universality with respect to both Weber number and Reynolds number. Third, the crossover
between scaling regimes occurs at a nonunity value of /, /n, reflecting the omission of numerical
coefficients in the analysis in Appendix B. Fourth, application of the theory to the simulation results
for this transient decaying case involves some inconsistency because the flow-state parameters used
in the application of the theory are evaluated at ¢+ = O rather than at ¢+ = 0.5t, when [, is evaluated.
The agreement of simulation results with the theory despite this caveat suggests that the theory
is more robust than implied by the assumptions on which it is best. However, the caveat advises
caution in treating the results as numerical predictions, even if coefficients omitted in Appendix B
are incorporated.

To put this in context, ODT applications to turbulence modulation by dispersed particles
indicated that consistent trends were obtained only if flow-state parameters were based on the
particle-laden state rather than the initial state prior to the introduction of particles [27,28]. (These
flows remained homogeneous throughout the simulations, allowing consistent evaluation of flow-
state parameters at any time.) Based on all noted considerations, there are several possible causes of
the deviation of the high-Reynolds-number case (triangle in Fig. 11) from the overall trend, but any
inconsistency with the Kolmogorov phenomenology that might be imputed would be mild at most.

The 4000 individual separation values used for critical-distance estimation for a given case were
additionally used to obtain the probability density function (PDF) of individual separation values
[, normalized by the ensemble-median value [/, for the case. These PDFs are shown for selected
cases in Fig. 12. These cases, spanning both of the turbulent-cascade regimes and including the
high-Reynolds-number case, exhibit definitive collapse of the PDFs. Power-law falloff of the tails of
the PDFs is seen, with an exponent value of roughly —7/4. Presently there is no evident explanation
of the power-law falloff or the exponent value. Future investigation of the physical accuracy and
phenomenological origins of these features is warranted.

The model is thus found to predict a significant degree of universality of the fluctuation statistics
of the critical microscale. The simplicity of the model relative to Navier-Stokes turbulence suggests
that this result is a bound on the degree of universality that might be obeyed physically. In any case, it
raises the interesting question of how close the prediction is to physical reality. Addressing this will
be challenging owing to the limitations of applicable computational and experimental techniques.

VIII. CONCLUSIONS

In previous work, ODT was extended for application to jet breakup. That extension included
several empirical treatments designed to capture particular features of that configuration. Here a
simpler configuration requiring minimal empiricism and parameter adjustment has been studied
in order to focus on interpretation and validation of the fundamental ODT representation of the
interaction between surface tension and fluid inertia. To simplify the interpretation of results, the two
fluid phases are assumed to have the same density and viscosity, so for vanishing surface tension, the
phase interface becomes dynamically passive and the chosen flow configuration reduces to decaying
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homogeneous isotropic turbulence (HIT). Model parameters are set by comparing ODT and DNS
results for this case and the model then predicts finite-We;,, behavior on this basis.

ODT and DNS results have been compared for a range of Weber numbers. For We; , = oo, the in-
terface is a passive material surface whose time development is itself useful validation information,
demonstrating that ODT simulation of HIT captures key features of material surfaces advected by
turbulence. As We;, is reduced, the accuracy of the ODT predictions tends to decrease, reflecting the
additional model simplifications associated with the treatment of surface-tension effects. Both by
construction and by inference from comparisons to DNS results, the model is deemed to have useful
predictive skill for the regime of high Weber and Reynolds numbers that is of greatest interest.

Accordingly, ODT application is extended beyond the DNS-accessible parameter space in order
the evaluate the parameter dependencies of the Kolmogorov critical scale. Quantitative agreement
with the available DNS results for this flow property lends credence to the broader set of results.
Model results are consistent with the theoretical parameter dependencies in both the inertial and
dissipative subranges, where the latter does not appear to have been systematically investigated
prior to the present study. Local fluctuation properties of the critical scale are then examined by
evaluating PDFs of the separations of individual pairs of adjacent interfaces. Scaling the PDF for
each considered case by the corresponding ensemble value, collapse of the PDFs onto a universal
curve, encompassing both subranges, is obtained. There does not appear to have been any prior
investigation of such fluctuation properties. The present results suggest that this could be a fruitful
avenue of future study.
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APPENDIX A: ONE-DIMENSIONAL TURBULENCE

1. Time-advancement processes

ODT is a stochastic model that idealizes the evolution of turbulent flow along a notional line
of sight through a 3D flow. Fluid parcels momentarily cross a given physical line of sight as they
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follow 3D trajectories, but fluid parcels on the 1D model domain stay within the domain. The time
advancement of parcel internal states and parcel locations along the 1D domain, constrained by
conservation laws analogous to those governing 3D flows, is expressed schematically as

8ui 321/[,' .
— — v—— = Eddies, (A1)
ot 9y?

where v is the kinematic viscosity and the indices i = 1, 2, and 3 denote the streamwise, lateral and
spanwise velocity components, respectively, corresponding to the spatial coordinates (x, y, z). This
equation formally represents the two processes that can change the value of u; at a given location y
and time ¢.

The left-hand side represents viscous time advancement, which can be supplemented by body
forcing and other case-specific processes. "Eddies" denotes a model that idealizes the advective
effect of 3D eddies, which are represented by instantaneous maps applied to property profiles,
supplemented by energy redistribution among velocity components. Surface tension cannot and
therefore does not appear explicitly in Eq. (A1). The role of surface tension is incorporated into the
details of its influence on the occurrence times, spatial placement, and implementation of individual
eddies during the time advancement of Eq. (A1), as explained in what follows.

Accordingly, turbulent advection is modeled in ODT by a stochastic sequence of events. These
events represent the impact of turbulent eddies on property fields (velocity and any scalars that
might be included) along the 1D domain. During each eddy event, an instantaneous map termed
the "triplet map," representing the effect of a turbulent eddy on the flow, is applied to all property
fields. It occurs within the spatial interval [yg, yo + [, where y, represents the eddy location on the
ODT line and / is the eddy size. A triplet map shrinks each property profile within [yo, yo + /], to
one-third of its original length, inserts three identical compressed copies into the eddy interval side
by side so as to fill the interval, and reverses the middle copy to ensure the continuity of each profile.
The map mimics the eddy-induced folding effect and increase of property gradients. Formally, the
new velocity profiles after a map are given by

iy, 1) = ui(f (), 1), (A2)

here conveniently expressed in terms of the inverse map

3(y = yo), if yo <y <yo+ 3,

20 =3y —yo), ifyo+ 3l <y<yo+3l,
30 —yo) =2, ifyo+ 3 <y<yo+l,
Y — Yo, otherwise,

JO) =y + (A3)

which is single-valued. (The forward map is multivalued.)

The triplet map is measure preserving, which implies that all applicable conservation laws are
obeyed locally as well as globally. This includes conservation of total energy, but the triplet map
per se provides no representation of energy conversion from one form to another, which can be
induced by either fluid advection or viscous transport of momentum. Corresponding to these two
mechanisms, there are two energy conversion modalities in ODT.

The viscous transport of momentum that is time advanced according to the left-hand side
of Eq. (A1) (except when interrupted by instantaneous eddy events) is of conventional albeit
dimensionally reduced form. Accordingly, its contribution to kinetic-energy dissipation (conversion
to heat) can be diagnosed in the usual manner [23].

In contrast to this universal energy-conversion mechanism, advection-induced energy conversion
is case-specific and indeed absent in the canonical regime of single-phase, constant-property low-
Mach-number flow. Various cases, such as buoyant stratified flow, involve sources and sinks of
kinetic energy due to equal-and-opposite changes of one or more other forms of energy.
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Advection-induced energy conversion is incorporated by introducing an additional operation
during the eddy event. The implementation of this operation to account for surface-tension changes
is described.

In the present formulation, the triplet map can increase the number of phase interfaces within the
eddy interval, as illustrated in Appendix A 3, resulting in an increase AE, of surface-tension energy
that must be balanced by an equal-and-opposite decrease of kinetic energy AEji,, such that the total
eddy-induced energy change AE = AEy, + AE, is zero.

Accordingly, the formal statement of the eddy-induced flow change in Eq. (A2) is generalized to

ai(y, 1) = ui(f (), 1) + ¢;K(y) + biJ (). (A4)

Here, K(y) =y — f(y) is the map-induced displacement of the fluid parcel that is mapped to
location y and J(y) = |K(y)|.

For the constant-density flows of present interest, the J kernel is immaterial because the associ-
ated modeling yields b; = 0 for all i. Owing to the broader applicability of the model, in particular to
fluid phases with unequal densities, J is retained here in conformance with the previously described
variable-density formulation [15,16].

The six coefficients b; and ¢; are evaluated by enforcing the prescribed kinetic-energy change
based on the surface-tension energy change AE,. Momentum conservation in each direction i
implies three more constraints. The two additional needed constraints are obtained by modeling the
eddy-induced redistribution of kinetic energy among the velocity components. In accordance with
return-to-isotropy phenomenology, these additional constraints are configured to impose a tendency
of the component kinetic energies to equalize.

Eddy events displace fluid elements and thus constitute a Lagrangian representation of turbulent
advection. The corresponding Eulerian interpretation in terms of Eq. (Al) is that each event
corresponds to an instantaneous change of properties at given y, so Eddies is a sum of delta functions
in time with weights that each represent the event-induced change of u; at location y at the time
of occurrence of a given event. This interpretation defines a formal representation of ODT time
advancement in terms of Eq. (A1), but the Lagrangian fluid-displacement picture is more intuitive
and closer to the numerical implementation of the model.

2. Eddy selection

ODT samples eddy events from an event-rate distribution that depends on the instantaneous
flow state and therefore evolves with the flow. Thus, there is neither a predetermined frequency
of occurrence of eddy events collectively nor of a particular eddy type corresponding to a given
location yq and size [.

The mean number of events during a time increment d¢ for eddies located within the interval
[0, yo + dy] in the size range [I, [ + d!] is denoted A(yy, [;¢) dyo dl dt. The relation

Ao, I;1) = C/[I*T(yo, I51)] (A5)

defines an eddy timescale T and an adjustable coefficient C that scales the overall eddy frequency,
where the argument ¢ appearing on both sides of the equation indicates that both A and t vary with
time for given values of yy and [ because t depends on the time-varying instantaneous flow state in
the manner described next. (With this understanding, the arguments of T are henceforth suppressed.)
The dimensions of the event-rate distribution A are (length?> x time)~!. To find the eddy timescale
7, the square of the implied eddy velocity !/t is modeled as

2

(1/7)* ~ Egnal — Z‘l’—2, (A6)

where the first term, which is dependent on the instantaneous flow state, is specified by Eq. (A10)
in Appendix A 3 and the second term involving the tunable coefficient Z suppresses unphysically
small eddies. The proportionality in Eq. (A6) implies that a prefactor multiplying the right-hand side
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FIG. 13. Multiphase eddy treatment in ODT. (a) The size-/ spatial interval between the thick solid lines
is selected for eddy implementation. It is a multiphase eddy containing both liquid (L) and gas (G) separated
by one phase interface (thick dashed line), corresponding to interface number density n = 1// within the eddy
interval. (b) A triplet map is implemented here as a permutation of the cells of a uniform spatial discretization
of the 1D domain, illustrated by the reordering of cell indices within the eddy. Now there are three phase
interfaces, corresponding to n = 3/ and thus § = 2/1.

is required to convert the proportionality into an equality. Because Eq. (A6) is ultimately substituted
into Eq. (A5), a power of the implied prefactor multiplies C in the latter equation. This product is
then relabeled as the the quantity C, which is then the principal tunable coefficient of the model.
Because C scales the event-rate distribution, its proximate effect is to adjust the energy-dissipation
rate, but there are secondary effects owing to feedbacks among the model subprocesses.

The small-eddy suppression mechanism is based on a crossover from Eg,, exceeding Z V2 / I
for large [ ("inertial range") to Zv?/I? exceeding Egny for small [ ("dissipation range"). In the
latter situation, the right-hand side of Eq. (A6) is negative, so there is no real-valued solution for
7. This indicates that the eddy is unphysical and therefore is rejected without further evaluation,
thus bypassing application of the thinning procedure. A scaling estimate of the crossover condition
is obtained by omitting both Z and Eg,y from Eq. (A6) to obtain [?/t ~ v, thus recovering the
Kolmogorov-microscale criterion of balance between eddy viscosity and kinematic viscosity. In
itself, this does not assure adherence to the inertial-range scaling t ~ [?>/3 (more properly stated
in normalized units). The reasoning and evidence showing that this scaling arises as an emergent
phenomenological feature of ODT are presented elsewhere [23,27]. The relevant point here is that
the physical picture as outlined motivates the functional form of the rightmost term in Eq. (A6).

Discretizing yo and [ as on a uniform mesh for simplicity, Eq. (A5), with the factor /> omitted
owing to the discretization, specifies a two-parameter family of event rates, where the argument ¢
highlights the time variation of these rates owing to their dependence on the system state. For each
pair of values (yo, /) event sampling at the corresponding rate A is a Poisson process in time. Apart
from scaling coefficients, the associated correlation time of successive eddy events for given (yg, /)
is the corresponding value t at time ¢.

In practice it would be computationally unaffordable to reconstruct the event-rate distribution
every time an eddy event or an advancement of Eq. (A1) modifies the system state. Therefore eddy
events are sampled using an equivalent Monte Carlo numerical procedure called thinning [29].

3. Multiphase eddy implementation in ODT

If the eddy interval contains one or more phase interfaces, then AE, must be evaluated in order
to incorporate the surface-tension effect on eddy implementation as described in Appendix A 1. The
procedure is motivated by Fig. 13(a), which shows the initial state within an eddy that contains a
phase interface. For discussion purposes, the phases are termed liquid and gas although they have
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the same densities and viscosities in this study.This eddy is energetically allowed only if there is
sufficient kinetic energy available to supply the surface-tension energy needed to create the amount
of new interface resulting from map implementation. Modeling is needed in order to specify the
surface-tension energy change.

Namely, the ODT analog of the volumetric density o« of surface-tension energy, where o is the
surface-tension energy per unit area and « is the surface area per unit volume, must be identified,
corresponding to the energy density

E, = oa/p (A7)

per unit mass. The meaning and evaluation of « in ODT are considered.

Since an interface in ODT is represented by an isolated point on a line, geometric interpretation
is required in order to obtain the area increase implied by, e.g., the triplet map illustrated in Fig. 13.
A plausible assumption for highly turbulent cases involving wrinkled interfaces is that the interface
is a statistically homogeneous isotropic random surface. For such a surface, the number density n of
interface intersections along a line of sight corresponds to an interface area per unit volume o = 2n
[30]. This assumption is not precisely accurate for cases of interest, but it is convenient to adopt it
as a universal assumption rather than to attempt a case-by-case treatment. On this basis,

E, =2no/p, (A8)

where in this context, n denotes interface number density within the eddy interval, i.e., the number
interfaces in the interval divided by /.

In Fig. 13(a) n = 1/I initially. Triplet mapping of a phase interface within an eddy produces
three such interfaces. This is shown in Fig. 13(b) and is interpreted as a tripling of interfacial area.
The eddy-induced increase § of the number density of interfaces due to triplet mapping is thus 2//
for this eddy. Based on the relation o = 2n, the interfacial area increase per unit volume is 28.
Multiplication by the surface tension o gives the surface tension potential energy per unit volume
that is stored in the newly created interfaces. This implies the surface tension energy change per unit
mass

AE, =208/p. (A9)

This explanation corrects a previous [15] erroneous discussion of these points, but the final result,
Eq. (A9), is unchanged.

Conservation of total energy requires an equal and opposite change of the final kinetic energy.
Here this implies

Eﬁnal = Exin — AE;, (AlO)

where Eyi, and Ejpp, are the available kinetic energy per unit mass before and after the change,
respectively. Here"available" means the maximum amount extractable by adding weighted J and
K kernels to the instantaneous velocity profiles as shown in Eq. (A4). The change —AE, is
implemented by similarly modifying the velocity profiles using weighted J and K kernels, but
in this instance constraining the weighting coefficients b; and c; so as to extract the energy AE,
from the flow field within the eddy interval. (If there are no interfaces within the eddy interval so
that AE, = 0, then kernel application to the velocity profiles serves solely to nudge the velocity
components toward isotropy without changing the total kinetic energy.) The kernels are then used
diagnostically to evaluate Ef,, in Eq. (A6), ultimately leading to a decision to implement or reject
the eddy event by application of the thinning procedure.

If this procedure yields negative Ejqp,, then the eddy is deemed to have insufficient available
kinetic energy to overcome the surface-tension energy sink, so the eddy is not implemented. For
positive Efya, the viscous term in Eq. (A6) might cause the right-hand side of that equation to be
negative, so the viscous damping suppresses eddy implementation. Otherwise, the eddy is eligible
to be selected for implementation as prescribed by the thinning procedure.
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The outcome of each instance of that procedure is influenced by the eddy-specific and flow-
state-specific value of AE,, which can be nonzero only if the surface tension ¢ is nonzero. This
pinpoints the crucial distinction between the passive material interface (o = 0), whose confor-
mation has no influence on the flow, and the dynamically active interface that tends to suppress
eddies that might otherwise distort it. Although this surface-tension influence is somewhat indirect
within the framework of the model, it is phenomenologically sound, as indicated by the reported
results.

APPENDIX B: CRITICAL-SCALE ANALYSIS

An eddy of size [ with characteristic velocity fluctuation u; is prevented from overturning an
interface if the inertia at scale / is dominated by surface tension, hence if the Weber number We =
pou; 2] /o is less than order unity. (Here and below, numerical coefficients are omitted.) The critical
length scale I, = o/ pul follows from this simple balance. The parameter dependence of u; will
depend on where the critical length scale falls within the turbulent cascade subranges. On this basis,
the expressions for the critical length scale in the inertial and dissipation subranges are found to be
I, =[03/(p3e®)]'? and I, = [ov/(pe)]'/3, respectively [26,31].

Here the reasoning is restated in a way that allows both regimes to be expressed in terms of one
dimensionless group. First suppose that [, < 5, corresponding to the dissipative subrange. At scales
below 7, the strain rate y = (€/v)"/? at scale 7 is applicable in this subrange.

Surface tension resists the straining effect at a scale /, at which the local Weber number y~I> p /o
is of order unity, so nominally 1. This gives I, = [0 /(y2p)]'/3. This estimate is valid pr0V1ded that
the surface tension does not suppress any inertial-range motions, hence for /, < 1. The crossover to
the inertial-range case corresponds to [, = 1, giving [0 /(y2p)]"/?> = Re™3/*L based on the inertial-
range scaling 1 = Re™¥*L. Substitution of the inertial-range scaling y = (L/1n)*/?(ttrms/L) =
Re!/ 2(urmg /L), gives [L*c /(u?  pRe)!/? = Re ¥ *L. In terms of the integral-scale Weber number
We = u2, Lp/o, this gives (We Re)™!/3> = Re /4, which implies that We = Re¥/* is the crossover
condition. Hence the governing dimensionless group at all scales is We Re /4.

To convert this to Taylor-scale properties, the starting point is the definition A, = n*3L!/3 =
(n/L)*3L = Re~ /2L, again omitting the numerical coefficient. Since Re and We are both linear
in L, this gives Re;, = Re'/? and We;, = Re™"/*We = Re;;We. Substitutions into We Re™>/* then

give Re; We AgRe;gs/ 2 =We AgRe;;/ 2, which is expresses the dimensionless group in terms of Taylor-
scale properties.

The balance between kinetic energy and the surface-tension kinetic-energy barrier that deter-
mines [, is conveniently expressed as pui = o /l,, where u,, is the velocity fluctuation at scale /.
In terms of a local Weber number We, = u(z7 l, p/o, this corresponds to We, = 1. For each regime
of interest, the parameter dependence of u, must be specified.

For the inertial subrange, u, is the eddy velocity at scale [,, hence uy = (I /L)"tyms. Then
the balance condition gives p(l,/L)**u? , = o /l,, which reduces to I, /L = [0 /(u? Lp)]*° =
We 5. Finally, I,/ = (L/n)We™>/* = Re¥/*We™/> = (WeRe™5/4)"3/5 = (We, Re; 3/2) 35,
Normalization of I, by 7 sets the scaled crossover value to unity so that a deviation from thlS result
conveniently quantifies the effect of neglecting numerical coefficients.

For the dissipative subrange, the velocity fluctuation at scale [, is [, times the shear y at scale
1, hence u, = I,y. The balance condition then gives I, /n = [0 /(y>p)]'3/n = [0 /(¥*n*p)]'/3,
which is the scale-n Weber number to the —1/3 power. The scalings of y and 5 in the in-
ertial subrange express y2n* as Re(umns/L)*?Re™/*L> = Re™>/*u? L. The final result is I, /n =
(WeRe™™4)71/3 = (We;, Re; /)77,
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