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ABSTRACT 
Insects rely on their olfactory system to forage, prey, and 

mate. They can sense odorant plumes emitted from sources of 
their interests with their bilateral odorant antennae, and track 
down odor sources using their highly efficient flapping-wing 
mechanism. The odor-tracking process typically consists of two 
distinct behaviors: surging upwind at higher velocity and 
zigzagging crosswind at lower velocity. Despite extensive 
numerical and experimental studies on odor guided flight in 
insects, we have limited understandings on the effects of flight 
velocity on odor plume structure and its associated odor 
perception. In this study, a fully coupled three-way numerical 
solver is developed, which solves the 3D Navier-Stokes 
equations coupled with equations of motion for the passive 
flapping wings, and the odorant convection-diffusion equation. 
This numerical solver is applied to resolve the unsteady flow 
field and the odor plume transport for a fruit fly model at 
different flight velocities in terms of reduced frequency. Our 
results show that the odor plume structure and intensity are 
strong related to reduced frequency. At smaller reduced 
frequency (larger forward velocity), odor plume is pushed up 
during downstroke and draw back during upstroke. At larger 
reduced frequency (smaller forward velocity), the flapping 
wings induce a shield-like air flow around the antennae which 
may greatly increase the odor sampling range. Our finding may 
explain why flight velocity is important in odor guided flight. 
 
NOMENCLATURE 

A  : Stroke angle amplitude 

b  : Wing spanwise length 
c  : Mean wing chord length 
C : Odor intensity 
C* : Non-dimensional odor intensity 
Ch  : Cauchy number 

LC  : Lift coefficient 

f  
: Flapping frequency 

G  : Torsional stiffness of the spring 
I  : Moment of inertia 

aeroM  : Moment due to the aerodynamic force  

elasticM  : Moment due to the elastic force 

gravityM  : Moment due to the gravitational force 

Re  : Reynolds number 
S  : Wing surface area 
ui : Velocity component 
Ui : Face-centered velocity component 

tipU  : Averaged wing tip velocity 

α : Odor diffusivity 
  : Wing stroke angle 
 : Wing pitch angle 
0 : Rest angle 
  : Angular velocity 

air  : Fluid density 

 : Kinematic viscosity 
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INTRODUCTION 

Airborne insects are capable of sensing and tracking down 
odor plumes of their interest emitted from sources beyond their 
visual range. These olfactory cues are odorants generally 
characterized by filamentous odor plumes segmented by low or 
zero concentration blanks. Recent progresses on insect neuronal 
mechanisms discovered that that insects are capable of resolving 
fast olfaction dynamics[1, 2] and odor concentration gradient 
between their odor receptors [3]. This enables insects to detect 
the odor concentration variations in both time and space. 
However, since the locomotion of insects requires significant 
amount of energy to sustain constant wing flapping motion even 
during hovering, insects must extract sufficient information from 
the odorant receptors during limited time. 

Van Breugel et al [4] studied the odor tracking behaviors of 
fruit flies in a wind tunnel and described the two specific 
behaviors while encountering odor plume. Fruit flies zigzag 
crosswind at lower velocity to upwind when encountering and 
losing an odor plume. When they sense the odor plume again, 
they surge upwind at higher velocity to visual stimulus [5]. It is 
true that fruit flies zigzag crosswind through the odor landscape 
to actively enhance odor filament detection range. Meanwhile, 
their flapping wings alter both the aerodynamics and the 
velocities in the flow field, which further complicates the odor 
landscape. The question is, what is the role of the flight velocity 
in odor guided flight? 

To answer this question, the odor landscape must be 
visualized. However, most previous studies on odor plume 
structures during odor-guided flight of insects are limited on 
experimental observation. The lack of quantitative measurement 
method of odor intensity at small length scale makes it hard to 
understand the effects of flapping wings and flight velocity on 
odor landscape. In addition to experimental measurements, 
numerical simulation, as an alternative approach to obtain the 
instantaneous odor landscape, is also limited in literature. One of 
the challenges is to solve the odor advection-diffusion equation 
based on the instantaneous velocity field during odor guided 
flight. In recent studies, Li et al. [6-8] and Lei et al. [9] included 
the flapping wing kinematics in their simulations and visualized 
the odor plume structure of a fruit fly model in forward flight. 
They confirmed that the antennae are well positioned to perceive 
the odor plume while avoiding wing-induced disturbance. 
Nevertheless, the Lagrange particle tracing approach used in 
their studies failed to consider the diffusion in the odorant 
transport. To date, it is still unclear how the odor plume structure 
is perturbed by flight velocity and wing-induced flow. 

In this paper, direct numerical simulations were conducted to 
investigate odor plume structures that are modified by the flight 
velocity and wing flapping kinematics. In order to mimic the 
odor-tracking flights, an odor source was placed in front of the 
fruit fly model in the upstream. The effects of flight velocity is 
investigated in terms of reduced frequency by changing the 
incoming air velocity. For the flapping wings, the wing pitch 
motion was simulated based on the aerodynamic loading using a 
torsional spring model. All simulations were conducted using an 

in-house three-dimensional immersed-boundary-method-based 
computational fluid dynamics (CFD) solver in which the Navier-
Stokes equations and the equations of motion for passive 
pitching wings were couple together to obtain the flow field. The 
odor convection-diffusion equation was then solved at each time 
step to resolve the odor concentration field. 

METHODOLOGY 

Governing equations and numerical method 

The three-dimensional viscous incompressible Navier-
Stokes equations are solved using an in-house immersed-
boundary-method based CFD solver. The equations are written 
in tensor form: 
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(1) 

Where ui are the velocity component, P is the pressure,  is 
the fluid density,  is the kinematic viscosity.  

The above equations are discretized using a cell-centered, 
collocated arrangement of the primitive variables, and are solved 
using a finite difference-based immersed-boundary method [10] 
in a non-body-conforming Cartesian grid. The equations are 
integrated with time using the fractional step method. Details of 
the CFD solver in solving Navier–Stokes equations is elaborated 
and validated in our previous studies [11-13]. The CFD solver 
has been successfully applied to study canonical revolving wings 
[14-17], flapping propulsion problems [12, 18-21], insect flight 
[7, 8, 13, 22, 23], and human nasal airflow [24, 25].  

Based on the resolved velocity field by solving the Navier-
Stokes equations, we then solve the odorant advection-diffusion 
equation: 
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Where C is the odor intensity, D is the odor diffusivity, Ui is 
the face-centered velocity obtained from interpolation of the 
cell-centered velocity ui. The equation is discretized using an 
implicit method: 
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The Navier–Stokes equations and odor convection-diffusion 
equation are discretized on non-body-conforming Cartesian grid, 
thus eliminates the complex re-meshing algorithms for moving 
boundaries on body-conforming grids at each time step. The 
differential equation for odor transportation can be written as 
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