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ISOLATED TOPOLOGY

• Unique topology: applies to 
wide range of problems

• In the low Damköhler-limit: 
conserved scalars can be 
used to estimate reaction

• Applicable to higher order 
reactions: but may depend 
on higher order statistics

that this Pe1/3 dissipation scaling extends to the scaling of
reaction rates even for problems in the second topological
class.

We were initially motivated to study reactions in the
second topological class by an interesting biological process.
Many marine invertebrates !e.g., corals, urchins, and ane-
nomes" reproduce sexually via a process called broadcast
spawning.23 Males and females synchronously release sperm
and egg, respectively, from separate locations on the sea bed.
The process subsequently relies on structured stirring from
turbulence and vortex-dominated bedform wakes to bring ga-
metes into close proximity such that fertilization might oc-
cur. Topologically, the sperm and egg are the two reactive
scalars, initially separated by inert gamete-free water. Mod-
els of this process based on effective eddy diffusivities vastly
underpredict observed fertilization rates.24 We hypothesized
that details of the instantaneous scalar fields !absent in the
eddy diffusion models" were critical to the prediction of fer-
tilization rates.25 In an earlier study,26 we calculated reaction
rates in the low-Damköhler limit for two initially distinct
scalars in a point vortex flow. Peak reaction rates for this
problem in the second topological class scaled as Pe1/3, with
the peak reaction time scaling as Pe−2/3. In the present paper,
we expand that study to include the effect of reaction kinetics
at finite Damköhler numbers.

II. PROBLEM DESCRIPTION

Geometric details of the problem are shown in Fig. 3. A
single two-dimensional vortex u!!r" stirs two reactive point-
source scalars A and B placed within an inert background
fluid. The scalars are initially located at radii RA and RB from
the vortex center, separated by angle ! and distance L. Both
scalars have molecular diffusivity D and initial mass M. De-
viations from axial symmetry are described by two nondi-
mensional eccentricities. The angular eccentricity is simply

!, where 0"!"#, with !=# corresponding to the sym-
metric case with scalars in diametric opposition. The radial
eccentricity is defined as

E =
#RA − RB#
RA + RB

, !1"

where 0"E"1, E=0 is the symmetric case RA=RB, and E
=1 corresponds to the limit where either RA /RB or RB /RA
→0. Pictorial interpretations of intermediate and limiting E
values are shown in Fig. 4.

Analytical and numerical techniques are used to calcu-
late the reaction rate between scalars A and B for a range of
eccentricities, Péclet, and Damköhler numbers. Except where
noted, the flowfield is a point vortex with circulation $,

u!!r" =
$

2#r
. !2"

A synthesis reaction A+B→AB is used with second-order
reaction rate kinetics.

III. GOVERNING EQUATIONS

Each of the two scalars A and B is governed by a dimen-
sional reactive advection-diffusion equation of the form

!C̃

! t̃
= − ũ · "C̃ + D"2C̃ − %̃ , !3"

where the three terms on the right-hand side express Eulerian
concentration changes due to advection, molecular diffusion,
and reaction. The two scalar concentrations are coupled by a
second-order dimensional reaction term

(a) (b)
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FIG. 1. Examples of initial scalar topologies in a square domain correspond-
ing to the first class of problems discussed in the text. Two scalars denoted
A and B fill the entire domain and share a material interface.
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FIG. 2. Examples of initial scalar topologies corresponding to the second
class of problems. Two reactive scalars A and B are initially separated by a
nonreactive fluid, denoted as C.
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FIG. 3. Geometric definitions for the initial scalar condition. Point masses
of reactive scalars A and B !shown here for clarity as finite-size blobs" are
placed within an inert background fluid and stirred by a vortex centered on
the + symbol.

A B
(a) E = 0.0

BA
(c) E = 1.0

A B
(b) E = 0.5

FIG. 4. Interpretation of the radial scalar eccentricity E for RA&RB and !
=#, showing !a" the limiting symmetric case E=0, !b" an intermediate case
E=0.5, and !c" the limiting asymmetric case E=1.
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MEASURING MIXEDNESS

• Pearson’s correlation 
coefficient:

• Segregation Parameter:
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Figure: Denis Boigelot: Public Media
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PARALLEL TURBULENT JETS
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JOINT PROBABILITIES
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Y*=0.5, X*=10

• JPDFs are not joint normal

• Relationships between 
scalars is non-linear



QUESTIONS?
Mike Soltys:

Soltys@colorado.edu
www.MikeSoltys.com

mailto:Soltys@colorado.edu
mailto:Soltys@colorado.edu
http://www.MikeSoltys.com
http://www.MikeSoltys.com
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Y*=1 X*=15
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