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Navigation in odor plumes: How do the flapping kinematics
modulate the odor landscape?
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Willanova University, Villanova, PA 19085, 2 University of Colorado, Boulder, CO 80303

Insects rely on their olfactory system to forage, prey, and mate. They can sense odor emitted from
sources of their interest, use their highly efficient flapping-wing mechanism to follow odor trails, and
track down odor sources. During such an odor-guided navigation, flapping wings not only serve as
propulsors for generating lift and maneuvering, but also actively draw odors to the antennae via
wing-induced flow. This helps enhance olfactory detection by mimicking “sniffing” in mammals.
However, due to a lack of quantitative measuring tools and empirical evidence, we have a poor
understanding of how the induced flow generated by flapping kinematics affects the odor landscape.
In the current study, we designed a canonical simulation to investigate the impact of flapping motion
on the odor plume structures. A sphere was placed in the upstream and releases odor at the Schmidt
number of 0.71 and Reynolds number of 200. In the downstream, an ellipsoidal airfoil underwent a
pitch-plunge motion. Both two- and three-dimensional cases are simulated with Strouhal number of
0.9. An in-house immersed-boundary-method-based CFD solver was applied to investigate the effects
of flapping locomotion on the wake topology and odor distribution. From our simulation results,
remarkable resemblances were observed between the wake topology and odor landscape. For the 2D
case, an inverse von Karman vortex street was formed in the downstream. For the 3D case, the wake
bifurcates and forms two branches of horseshoe-like vortices. The results revealed in this study have
the potential to advance our understanding of the odor-tracking capability of insects navigation and
lead to transformative advancements in unmanned aerial devices that will have the potential to
greatly impact national security equipment and industrial applications for chemical disaster, drug
trafficking detection, and GPS-denied indoor environment.

Nomenclature
C = Odor concentration I =Normalized temperature
C* = Normalized odor concentration U, = Velocity component
P =Pressure U ; = Face-centered velocity component
Pr = Prandtl number I =Time
Re = Reynolds number & = Energy/Odor diffusivity
Sc = Schmidt number v = Kinematic diffusivity
St = Strouhal number p = Density
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I. Introduction

IRBORNE odor plumes exhibit complex spatiotemporal structure in a natural environment

characterized by unsteady and intermittent concentration fields. The distribution of odor plume
structure can be visualized as an “odor landscape” consisting of evolving valleys and peaks, in which the
elevation represents the strength of a particular odorant concentration [1]. At low Reynolds number and
low Péclet number, the odor spreads primarily by diffusion, and the odor landscape presents smooth odorant
concentration. In a turbulent regime, however, the odor plume structures are shaped into intermittent whiffs
separated by stochastic durations of background air (blanks). Wright [2] first successfully applied a
Gaussian plume model to estimate the time-averaged concentration of insect pheromones downwind of a
source. As one might expect, the average concentration decreases with the downwind distance from the
source, and the average concentration on the midline of the plume decays with a power law. However,
subsequent studies [3, 4] indicated that insects do not respond to the mean concentration as predicted by
the Gaussian distribution model. Instead, insects respond to instantaneous concentrations that are frequently
many-fold higher than the mean concentrations. To investigate the instantaneous odorant concentration,
experimental studies [5-8] measured the plume dispersing, and indicated that the fluctuations of
concentration decrease with downwind distance, steeper close to the source, and more gradually at large
distances. At a given downwind distance, the fluctuations of concentration increased in crosswind direction
with a distance from the plume centerline. The probability density function model could provide an
adequate description of the fluctuation statistics of the odor landscapes. In addition to the fluctuations, the
discontinuous nature of whiffs and blanks causes the concentration intermittency. Celani et al.[9] used a
Lagrangian approach to solve the advection-diffusion equations and demonstrated that the intermittency is
a function of downwind distance from the source. Their results illustrated that the distributions of whiff
durations and blank durations follow a power law with an exponent of -3/2.

Despite considerable experimental and theoretical studies on the spatiotemporal structures of odor
landscapes, however, no attempts have been made to incorporate the effects of wing-induced flow into the
predictive model for the concentration fluctuations and intermittency. A number of experimental studies
[10, 11] and numerical studies [12-15] have indicated that the local odor concentration can be enhanced
significantly by the induced flow generated by flapping wings [16]. One might expect the unsteady flow
generated by flapping wings would perturb the odor plume structure and odorant transport around the
olfactory receptors of insects (i.e., antennae), and thus impact how the insects perceive the global odor
landscape. To date, it still remains unclear how wing-induced flow affects the spatiotemporal structure of
the odor landscape in odor-guided aeronautic navigation of insects.

The purpose of the present study is to evaluate the odor trapping process in a canonical pitching-
plunging setup. A series of numerical simulations are performed using an in-house immersed-boundary-
method-based CFD solver. Detailed analyses of aerodynamic performance and its associated odor
concentration are presented and compared for two- and three-dimensions.

II. Methodology
A. Numerical methods

The numerical simulation employed in the current study is based on an in-house immersed-boundary-
method Navier-Stokes equations solver. The 3-D viscous incompressible Navier-Stokes equations are
written as follows:
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Where u; are the velocity components, P is the pressure, pis the fluid density, vis the kinematic viscosity.

The above equations are discretized using a cell-centered, collocated arrangement of the primitive
variables and are solved using the finite difference-based Cartesian grid immersed boundary method. To
facilitate the discretization, the face-centered velocities, U;, are computed by interpolation of the adjacent
cell-centered velocities ;.. The equations are integrated with time using the fractional step method. In the
first sub-step, a modified momentum equation is discretized using the implicit Crank-Nicolson scheme.
The intermediate cell-centered velocities ;" are obtained by solving the following equation in the first sub-

step.
T SUw!  sU ! " * "
U —u + l 3 J L J ! = _l_gp + K i % + i 5141 (2)
At 2 ox; ox; p ox, 2|x,\0x, ) ox,\ ox,
In the second sub-step, the following pressure Poison equation is solved to obtain the pressure correction

P
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Where ¢ are the face-centered intermediate velocities interpolated by the cell-centered velocities ;.

The velocity and pressure field are updated from the previously obtained intermediate velocities ;" and the
pressure correction P’ as
Pn+1 — Pn + P!
. 1 6P 4
u;’H—l :ui _At__ ( )
p Ox,
With the velocity field ¢, , the odor transportation equation is then solved to obtain the instantaneous
odor concentration. The governing equation of odorant convection and diffusion is given below.
oC N oCU, o°C

= 5
ot  Ox ox; ®)

Where C is the odor concentration, « is the odor diffusivity. The equation is discretized using an implicit
Crank-Nicolson scheme

c'-ct osC'U! al §(sC™) 8 [8C
o o e Ko (6)
At ox, 2| ox, | Ox, ox,\ ox,
Schmidt number Sc, the ratio between kinematic viscosity and odor diffusivity (Sc=v/a), is used to

indicate the odor diffusion intensity. When Sc is small, odor diffusion dominant the odor transportation.
While large Sc indicates odor convection dominant the odor transportation.
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Figure 1. Schematic of the grid. The uppercase letters denote cell-centered variables, the lowercase
letters denote the face-centered variables.

The advantage of immersed boundary method is that the flow field can be simulated without the need of
generating body conformal grids. This eliminates the need for complicated re-meshing algorithms for
moving boundaries. The Eulerian form of the Navier-Stokes equations is discretized on a Cartesian mesh
and the boundary conditions on the immersed boundary are imposed through a “ghost-cell” procedure. The
pressure Poisson equation is solved using the semi-coarsening multi-grid method with immersed-boundary
methodology. The current numerical treatment can eliminate the need for mesh regeneration at each time
step, and thus save the computation cost. This in-house flow solver has been successfully applied to study
canonical revolving wings[17-19], flapping propulsion problems[20-24], and insect flight[14, 25-27].
Details and validations of this solver on the velocity field can be found in the author’s previous papers [22,
25].

The current paper mainly focuses on the discretization and calculation of the odor concentration. The
odor advection-diffusion equation is discretized on a 3-D Cartesian grid, as shown in Figure 1. The finite
differential equation is written as

C;+] _Q_At(

n+l n+l n+l n+l n+l n+l n+l\ _
a, C," +a,C." +a,Cy" +a,C" +a,Cpm +a,C." +a,C, )—
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Where variables with lowercase subscript are the face-centered variables calculated by interpolation of
the adjacent cell-centered variables. The coefficients aw, ag, an, as, as, ar, ap are calculated by discretizing
the diffusion term.

c,-C, C,-¢C, -G GC-C c.-C, C,-C,
5 [6C Ax Ax Ay Ay Az Az
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B. Solver validation

The form of the odor advection-diffusion equation is identical to the form of the energy equation. To
validate the numerical solver for odor transportation, we compared our calculation results of 2-D flow past
a rotating cylinder with the results by Yan and Zu using the Lattice Boltzmann Method [28], and the results
of 3-D calculation of flow past a stationary cube and sphere with the results of Richter and Nikrityuk using
a commercial CFD solver [29], as shown in Figure 2.
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Figure 2. Comparison of evolution of the streamline and temperature field for Re = 200, k = 0.5, Pr
= 0.5 (left: computation by Yan and Zu [28]; right: current study).
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In the 2-D flow past a rotating cylinder case, viscous incompressible fluid flow past a counterclockwise
rotating isothermal cylinder is simulated using the lattice Boltzmann method. The Reynolds number is
defined asRe=UD/v , and parameter k =V /U , in which U is the inflow velocity, V is the rotational
velocity of the cylinder, and D is the diameter of the cylinder. As shown in Figure 2, the temperature contour
and streamline in our simulation results agree well with the literature [28].

(al) (b1)

Figure 3. Comparison of temperature contour for Re = 200, Pr = (0.744. (al) and (bl) are results
calculated by Richter and Nikrityuk [29]. (a2) and (b2) are results from current paper.

For the 3-D flow past a stationary sphere and cube case, the comparison of the temperature contour on
the symmetry plane is presented in Figure 3. Our CFD results are also consistent with the data reported by
Richter and Nikrityuk [29].

C. Simulation setup

The current study simulated a fixed sphere and a thin ellipsoidal airfoil that undergoes a pitch-plunge
motion both two- and three-dimensionally. The simulations are performed in a 672x416 non-uniform 2-D
and a 352x224x160 non-uniform 3-D Cartesian grid. Both the 2-D and 3-D simulations employ the same
prescribed kinematics, as shown in Figure 4. The cylinder and ellipse airfoil used in the 2-D case are
replaced by 3-dimensional sphere and ellipsoidal airfoil in the 3-D case to study the effects of spanwise
flow on the vortex structures and its associated odor plume structures. The stationary sphere fixed in the

upstream is releasing odor at concentration Ch . The airfoil has zero-gradient odor boundary condition and

undergoes a pitch-plunge motion combined by the translation in the y-axis according to Eq. (9) and the
rotation about its center along the z-axis according to Eq. (10).

(1) =§sin(27rﬁ*> ©)

o) = —%cos(zn 7 (10)

Where 7" is the non-dimensional time defined as " =Ut/ L .

The sphere and airfoil employed in the 3-D simulation are shown in Figure 5. In which the diameter of
the sphere is D, the scale of the ellipsoidal airfoil in the three directions is denoted as ax, @, and a.. The
Reynolds number in the current study is 200, which is defined as Re=UL /v, where L is the reference
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length, L = D = ay, a, = 0.24a, = 0.12a., f'is the flapping frequency. The distance between the sphere center
and the airfoil center is 3L. The Schmidt number Sc = 0.71 is defined asSc=v/a, where a is the odor
diffusivity. The Strouhal number St is used to characterize the pitch-plunge motion, defined as St=Lf /U .

In the following simulations, St = 0.9.

The sphere and ellipsoidal airfoil are surrounded by a cuboid region with high grid resolution. Around
the dense region, there is a secondary dense region with a lower grid resolution. At the inlet boundary, the
Dirichlet boundary condition was applied with constant incoming flow velocity and odor concentration. At
the downstream boundary, the Neumann boundary condition was provided. The zero-gradient boundary
condition was applied at all lateral boundaries. A homogeneous Neumann boundary condition was used for
pressure at all these boundaries. Nonslip boundary conditions were applied on the surfaces of the sphere
and airfoil.

X

Figure 4. Flow field setup. The velocity and odor concentration at the flow inlet are U and C;. The
sphere is fixed in the upstream and the odor concentration is C;. The ellipsoidal airfoil undergoes a
pitch-plunge motion and has a zero-gradient odor boundary condition.

Figure 5. The sphere odor source and ellipsoidal airfoil used in the current study. The surfaces of
the sphere and ellipsoidal airfoil are represented by an unstructured grid consisting of triangular
elements.
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To visualize the odor concentration field and vorticity field, two non-dimensional parameters are used
in the following discussion, the non-dimensional odor concentration defined in Eq. (11) and the non-
dimensional spanwise vorticity defined in Eq. (12).

C-C,

C" = L
Ch_Cl (11)

. L
o, =— 12
= (12)

III. Results and Discussion

In section A, we present the 2-D simulation results of odor concentration distribution and wake topology.
Section B shows the results of the 3-D simulation. A comprehensive description of the evolution of wake
topology and odor concentration is presented and compared side by side. To make sure the flow and odor
field reach a periodic state, all the data and pictures are chosen from the 10" pitch cycle.

A. Wake topology and odor plume concentration for the two-dimensional simulation

To visualize how the pitch-plunge motion disturbs the odor field, the cycle-averaged odor concentration
contour is shown in Figure 6(a). The blue ellipses denote the position of the pitch-plunge airfoil. A cylinder
in the upstream is releasing odor at C* = 1. The pitch-plunge airfoil draws the odor plume from the odor
source and significantly disturbs the odor field in the downstream. Figure 6(b) shows the probability density
function (PDF) of the odor concentration in the flow field, which is the percentage of the area of different
odor concentration levels. The PDF is maximized near C* = 0. A trough is observed near C* = 0.2. The
possible reason is that the odor concentration decreases significantly because of the pitch-plunge motion of
the airfoil.

Figure 7 shows the instantaneous wake structure visualized by vorticity and odor concentration contour
at mid-upstroke (t/T = 0), end-of-upstroke (t/T = 0.25), mid-downstroke (t/T = 0.5), and end-of-downstroke
(/T = 0.75), respectively. The pitch-plunge motion of the airfoil creates two sets of vortices that advect
downstream. The rotation direction of the vortices is related to when and where the vortices are generated.
The vortices that rotate clockwise are represented by blue contour and are generated from the upper surface
of the airfoil during the upstroke. The vortices that rotate counterclockwise are represented by red contour
and are generated from the lower surface during the downstroke. Figure 7(a2), (b2), (c2), (d2) show the
evolution of odor concentration. Surprisingly, the contours of vorticity and odor plume structure are
remarkably similar in shape.

(a) (b) os

04

L L L I
0 01 02 03 04 05 06 07 08 09 1
C

Figure 6. Cycle-averaged odor concentration contour (a) and probability density functions (PDF) of
odor concentration in the flow field (b) for the two-dimensional simulation.
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Figure 7. The wake structure visualized by vorticity @, at t/T = 0 (al), 0.25 (b1), 0.5 (c1), and 0.75

(d1), and odor concentration contour at t/T = 0 (a2), 0.25 (b2), 0.5 (¢2), and 0.75 (d2) for the two-
dimensional simulation.

B. Wake topology and odor plume concentration for the three-dimensional simulation

Figure 8(a), (b), and (c) show the perspective, side, and top views of the wake topology using the Q
criterion at mid-upstroke. The pitch-plunge motion of the airfoil creates two sets of vortex rings that advect
downstream upward and downward, forming a bifurcation angle of 37°. The advection direction of the
vortex rings is related to the process by which the vortex rings are formed and shed. The vortex rings that
advect upward are formed and released on the upper surface of the airfoil trailing edge. And the set of
vortex rings that moves downward are released from the lower surface of the airfoil trailing edge. In Figure
8(a), (b), and (c), a vortex ring V, that moves upward and a vortex ring V, that moves downward are
identified by arrow lines whose direction indicates the rotation direction of the vortex ring. The vortex ring
V, is formed in the present half-stroke and connecting to the trailing edge vortex. The vortex ring V is
formed at the previous half-cycle and moves at an oblique angle on the symmetry plane. Figure 8(d) is the
contour plot of spanwise vorticity on the symmetry plane. It appears that the wake topology (Figure 8(b))
is not consistent with the vorticity contour (Figure 8(d)). The reason is the vortex rings are distributed three-
dimensionally in space, while the vorticity contour only shows the vorticity on the symmetry plane.

Figure 9(a) shows the cycle-averaged odor concentration contour on the symmetry plane. The ellipsoidal
airfoils denote the position of the pitch-plunge motion. Similar to the 2-D simulation, a sphere is releasing
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odor at C* = 1, with a pitch-plunge airfoil flapping downstream. Figure 9(b) shows the probability density
function of the odor concentration on the symmetry plane. Differences in odor plume structure after the
airfoil are observed between the 2-D and 3-D simulations. The odor plume distributes wider in the y-
direction and dissipates quicker as it advects downstream.

Figure 10 shows the wake topology, normalized odor iso-surface at C* = 0.05, and odor contour on the
symmetry plane during a pitch cycle. The vortices in Figure 10 are 3-D vortex rings that formed by tip
vortices released from the airfoil tip. It is interesting to notice that the shapes of vortex structures and odor
iso-surface are similar for the 3-D simulation too. The odor concentration is higher where the two tip
vortices join together and lower where the two tip vortices separate. The odor plume and vortices dissipate
quickly as they advect downstream. The possible reason is that as odor plumes travel with the fluid, they
also dissipate into the ambient fluid. Another difference between the vortex topology and odor plume
structure is while the two sets of vortex rings do not join each other and separate as they advect downstream
upward and downward, the downstream odor field remains continuous, as shown in the odor contour in
Figure 10.

In conjunction with the 2-D and 3-D simulations, we noticed significant differences in wake topology
and odor plume structure, even with the same setup. For the 2-D case, the vortices advect downstream
horizontally and remain intact for a long distance (Figure 7). For the 3-D case, two sets of vortices bifurcate
and advect upward and downward respectively at an oblique angle and dissipate quicker to the ambient
fluid (Figure 10). For both cases, the wake topology and odor plume structure are similar in shape.

Figure 8. Perspective view (a), side view (b), and top view (c) of wake topology visualized by Q
criterion. And spanwise vorticity contour plot on the symmetry plane (d) at mid-upstroke.
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Figure 9. Cycle-averaged odor concentration contour (a) and probability density functions (PDF) of
odor concentration in the flow field (b) for the three-dimensional simulation.
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Figure 10. Perspective view of wake topology visualized by Q criterion at t* = 0 (al), 0.25 (b1), 0.5
(c1), and 0.75 (d1). Perspective view of iso-surface of normalized odor concentration C* = 0.05 at t' =
0 (a2), 0.25 (b2), 0.5 (c2), and 0.75 (d2). Normalized odor concentration contour on the symmetry
plane at t" = 0 (a3), 0.25 (b3), 0.5 (c3), and 0.75 (d3).
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IV. Conclusions

In this study, an immersed-boundary-method-based CFD solver was used to solve the 3D Navier-Stokes
equations. Based on the calculation results of the velocity field, the odor advection-diffusion equation was
then solved to obtain the odor concentration field at each time step. The calculation results for both the 2-
D and 3-D simulations confirmed that the flow induced by pitch-plunge airfoil significantly impacts the
odor plume structure. Remarkable resemblances between the shape of wake topology and odor plume
structure were observed for all the cases. The 2-D and 3-D simulations employ the identical setup, but the
wake topology and odor plume are quite different. For the 2D case, an inverse von Karman vortex street
was formed in the downstream. For the 3D case, the vortices bifurcate and form two branches of horseshoe-
like vortices.
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