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Abstract— Numerical simulations have been used to examine
the performance of flapping foils. It is envisioned that these flap-
ping foils will be employed as pectoral fins in a bio-robotic AUV
(BAUV) and a detailed parametrization of the hydrodynamic
performance of these foils will allow for the development of a
high-fidelity dynamical model of the BAUV. In the long term, it is
expected that this dynamical model will provide a rational basis
for the design, sizing and placement of these fins. In the current
paper, we describe a sequence of simulations that explore the
effect of pitch-bias angle on the hydrodynamic performance of
a 2D flapping foils. In another sequence of simulations, we have
examined the effect of foil aspect ratio on its performance and
results relating to this study are also included.

I. I NTRODUCTION

There is currently an ongoing effort to develop a bio-
robotic AUV (BAUV) that can match the underwater search
capabilities of marine mammals systems (MMS), specifically
dolphins. The key technological advances required in order to
reach this goal are:

1) An engineered sonar system that matches the perfor-
mance of MMS.

2) An AUV platform that can match the maneuvering
performance of MMS, thereby allowing it to avoid mines
and other obstacles during the search process.

The ONR/DARPA Biosonar Program is directed towards
tackling the first of these technological problems whereas
the FY03 ONR MURI program (Integrated Artificial Mus-
cle, High-Lift Bio-Hydrodynamics and Neuro-Control for
Biorobotic Autonomous Undersea Vehicles) will address the
second aspect. The specific goal of the MURI program is to de-
velop an artificial-muscle based biomimetic pectoral fin which,
when attached to an AUV platform will confer significant
improvements in its maneuverability. A conceptual simulation
of the BAUV which incorporates appropriate models for the
biosonar as well as the vehicle dynamics and control would
prove to be a significant asset in guiding the preliminary design
of this BAUV. Development and testing of such a conceptual
model forms the main goal of the current project. The project
has two near-term objectives: (a) Parametrization and analysis
of hydrodynamic forces generated by flapping pectoral fins
which is being carried out by the George Washington Uni-
versity team and (b) development and testing of a dynamical
model of the BAUV which is being spearheaded by S. Singh

at University of Nevada at Las Vegas. Work being carried
under the first component is presented here whereas the second
component will be described in the companion paper by S.
Singh.

II. BAUV C ONFIGURATION AND MODELLING APPROACH

It is assumed that the BAUV being modeled has multiple
(> 2) pectoral fins that are arranged symmetrically around the
body of the AUV [1]. Figure 1 shows a schematic of a typical
AUV with one pair of pectoral fins. Each fin is assumed to
execute a combined pitch-and-heave motion which is given by

z = z1 sin(2πft) (1)

α = α0 + α1 cos(2πft) (2)

where z1 is the heave amplitude,f the flapping frequency,
and α0 and α1 are the mean (bias) pitch angle and pitch
amplitude, respectively. It is further assumed that the fins
flap with a fixed frequency and amplitude and the primary
control parameters are the pitch bias (α0) and amplitude
(α1)of the fin. As a result of this motion, the fin experiences
a time varying hydrodynamic force (which can be resolved
into a thrust componentF x and a lift componentF z) and a
pitching momentMy. These components can be approximated
as sinusoidal functions of the form

F x = F x
0 + F x

1 ei2πft + F x
2 ei4πft (3)

F z = F z
0 + F z

1 ei2πft + F z
2 ei4πft (4)

My = My
0 + My

1 ei2πft + My
2 ei4πft (5)

The hydrodynamic forces on the pectoral fin also produce
rolling (Mx), and yawing (Mz) moments on the BAUV which
affect the dynamics of the BAUV. The following are the
key non-dimensional parameters that govern the performance
of a rigid, rectangular, flapping foil:Re, St, α0, α1, z1/c
and s/c where Re = cU∞/ν, St = 2z1f/U∞, c the foil
chord ands the foil span. In some previous studies, a quasi-
steady assumption has been employed in order to relate the
hydrodynamic forces to the foil parameters. For instance the
lift on a pitching-heaving foils has been estimated as:

F z(t) = ρU2
∞clα [α + ż/U∞ + K(α̇/U∞)] (6)
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Fig. 1. Schematic of a BAUV with one pair of pectoral fins

where clα is the lift coefficient per unit angle-of-attack and
K is a known constant. The above parametrization assumes
that the instantaneous lift force generated by a flapping foil
is equal to that produced by a static airfoil at an equivalent
angle-of-attack. This is likely a reasonable approximation for
low amplitude wing-flutter where such approximations have
been employed in the past. However, it is well known [2], [3]
that unsteady mechanisms dominate the flow over flapping
foils undergoing large amplitude motions and quasi-steady
estimates can be significantly erroneous. In the current effort
we therefore plan a first of its kind study where numerical sim-
ulations will be used to create a comprehensive performance
map of 2D and 3D flapping foil.

In order to understand the scope of this problem, consider
that the force coefficients are function of all the major non-
dimensional parameters:

F x
i ; F z

i ;My
i = fn(α0, α1, Re, St, z1/c, s/c); i = 0, 1, 2 (7)

It is assumed that the BAUV pectoral fins operate at a fixed,
z1/c and s/c and the primary control inputs are the foil
pitch parameters (α0, α1). However since the velocity of the
BAUV is allowed to vary, this will produce variations in
both the Reynolds and Strouhal numbers and therefore, the
effect of these parameters on the performance also has to be
parameterized. Thus in order to adequately parameterize the
performance of the flapping foil for the BAUV conceptual
model, the CFD simulations need to extract the dependence
of the force coefficients on the four parametersα0, α1, Re and
St. In addition, selection of an appropriate planform for the foil
requires an understanding of the effect of the foil aspect-ratio
on the foil performance and this is another goal of the current
study. Finally, from a fundamental point-of-view, it would be
useful to analyze the wake dynamics for low aspect-ratio foils
viz-a-viz what is known regarding 2D flapping foils [4] [5]
[6].

III. N UMERICAL METHOD

The numerical method employed for this study has to be
capable of simulating flow past two- and three-dimensional
moving bodies. Furthermore, the method should be time-
accurate and be able to accurately predict the evolution of the
vorticity field. Finally, the method should be computationally
efficient so as to allow us to span a large parameter space. The
conventional approach to such simulations is to discretize the
governing equations on a structured or unstructured mesh that
conforms to the body. In this approach, the mesh is modified
at every time step so as to conform to the moving body.

Although this approach has been used quite extensively for
a variety of problems [7] [18] there are some disadvantages
inherent to it. In particular, remeshing can introduce significant
complexity into the algorithm and can have a negative impact
on the accuracy, robustness and efficiency of the solver.

An alternative to the above approach is the so called
Cartesian grid method [9] [10]. The distinguishing feature of
this method is that the governing equations are discretized on
a Cartesian grid which does not conform to the immersed
boundary. This greatly simplifies grid generation and also
retains the relative simplicity of the governing equations in
Cartesian coordinates. Therefore, this method has distinct
advantages over the conventional body-fitted approach in
simulating flows with moving boundaries and/or complicated
shapes. The framework of this method can be considered
Eulerian-Lagrangian, wherein the immersed boundaries are
explicitly tracked as surfaces in a Lagrangian fashion, while
the flow computations are performed on a fixed Eulerian
mesh. This approach affords the advantage of pure Lagrangian
methods such as explicit interface information, without the
ambiguities associated witha-posteriori reconstruction of the
interface from an advected scalar (such as in Volume-of-Fluid,
level-set or phase-field methods). Furthermore, remeshing is
eliminated and this circumvents many of the difficulties asso-
ciated with mesh management. In contrast to purely Eulerian
interface capturing approaches (diffuse interface methods) the
current method also treats the immersed boundaries as sharp
interfaces.

In our previous papers [9] [10] we have described the de-
velopment of a finite-volume based Cartesian grid method for
two-dimensional incompressible flow problems. This method
was shown to be very flexible in handling a wide variety
of moving boundary problems [11] [12]. Furthermore, exten-
sive validation and testing demonstrated the relatively high
accuracy and robustness of the numerical method [9] [10].
This method however, relied on the use of ”cut-cells” and the
extension of this cut-cell approach to three-dimensions was
found to be quite difficult.

A new finite-difference based Cartesian grid method has
therefore been developed which does not rely on the cut-
cell approach. The method is therefore easily extended to
three-dimensions. The method employs a second-order cen-
tral difference scheme in space and a second-order accurate
fractional-step method for time advancement. The Eulerian
form of the Navier-Stokes equations are discretized on a
Cartesian mesh and boundary conditions on the immersed
boundary are imposed through a “ghost-cell” procedure. In this
procedure, we identify cells that are just inside the immersed
boundary. The discrete equations for these cells are then
formulated so as to satisfy the boundary condition on the
nearby boundary to second-order accuracy. These equations
are then solved in a fully-coupled manner with the governing
flow equations of all the other regular fluid cells. Care is also
taken to ensure that these equations satisfy both local as well
as global mass conservation constraints as well as pressure-
velocity compatibility relations.
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Fig. 2. An elliptical disk defined in terms of a triangulated mesh.

The geometry of the immersed boundary itself can be
defined in a number of different ways. In order to provide
maximum compatibility with existing CAD programs and
commercial CFD packages, we have incorporated in this
code, the ability to accept immersed boundaries defined in
terms of an unstructured triangular mesh. Figure 2 show the
unstructured surface description of an ellipical foil, results for
which will be shown in a later section of this paper.

IV. RESULTS

In this section, we present some preliminary results obtained
from this newly developed code. These include initial valida-
tion studies as well as demonstration of the capability of the
code for conducting flapping foil simulations.

A. Validation

Initial validation studies have focussed on simulating canon-
ical flows including backward-facing step flow, flow past a
circular and flow past a sphere, and comparing simulations
results against established experimental and computational
data. Here we present some limited results for flow past a
circular cylinder.

For this study we have chosen a low Reynolds numbers
(Re = U∞D/ν whereU∞ is the free-stream velocityD is
the cylinder diameter andν is the kinematic viscosity of the
fluid) of Re=100 and 200. The computations have been carried
out on a30D× 30D computational domain with the cylinder
center located at(10D, 15D). At the inflow(x = 0), the lower
(y/D = 0) and upper(y/D = 30) boundaries, a uniform
free-stream velocity is imposed, while a convective boundary
condition is applied at the outflow(x/D = 30) boundary. The
computational grid consists of240 × 120 cells and the time
step size,∆tU∞/D, is set to5×10−3. The computations have
been integrated temporally for over 20 shedding cycles and
results analyzed subsequent to the flow reaching a stationary
state.

Figure 3 presents contours of the instantaneous spanwise
vorticity for the flow past a circular cylinder at Re=200. The
classical Karman shedding mechanism is well captured. Figure
4 illustrates the temporal variations of the instantaneous lift
and drag coefficients. Both coefficient exhibits a dominant pe-
riodic oscillation associated with the Karman vortex shedding
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Fig. 3. Spanwise vorticity contour plots for flow past a circular cylinder at
Red = 200.
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Fig. 4. Temporal variation of drag and lift coefficient of circular cylinder at
Red = 200.

process. The current computations predict a Strouhal number
of 0.20 which matches well with the value of 0.198 measured
by Williamson [13]. The mean drag coefficient is computed
to be 1.33 and this also agrees reasonably well with previous
published values of 1.35 [9] and 1.38 [14], respectively.

B. Flapping Foils

1) 2D Flapping Foil with Pitch Bias:A set of 2D simu-
lations have been carried out to examine the effect of pitch-
bias angle on the performance of flapping foils. For this initial
study we have chosen a20% thick elliptic airfoil at a Reynolds
number of 300. The heave amplitude (z1/c), Strouhal number
and pitch amplitude (α1) are fixed at values of 0.5, 0.7 and40o

respectively and we examine the flow and foil performance for
pitch-bias angles (α0) of 0o, 10o, 20o and30o.

Figure 5 shows spanwise contour plots for the four different
pitch-bias cases at a phase when the foil is at its center
position and moving upwards. For the zero pitch-bias case, a
vortex street made up of equal strength clockwise and counter-
clockwise vortices is observed. Furthermore, as expected this



street is oriented along the streamwise direction. However for
pitch-bias angles of10o and20o we observed a different wake
topology. In these wakes, we observe that each cycle produces
a strong vortex dipole which convects into the fourth-quadrant
(4 O’Clock direction) as well as a small counterclockwise
vortex that convects along the streamwise direction. For the
highest pitch-bias case of30o there is a further modification
in the wake topology wherein the small clockwise vortex also
gets entrained by the vectored propulsive jet and convect in
the direction of the dipole. Furthermore, for this case we also
observe the formation of a strong leading-edge stall vortex due
to the large incidence angle of the flow.

Change in the pitch-bias angle has a significant effect on the
hydrodynamic forces produced by the flapping foil. Figure 6
shows the variation of the mean thrust and lift coefficients with
the pitch-bias angle. It can be seen that for a bias-angle greater
than about15o, the foil produces negative thrust or drag. This
is inline with the recent experiments of Triantafyllou et al.
[15] for a rolling-pitching foil. Furthermore, the mean lift
coefficient increases almost linearly from zero to about one
as the pitch-bias angle is increased to30o. This rapid increase
in mean lift with pitch-bias angle suggests that the pitch-bias
would be an effective control parameter for producing pitch-up
force and rolling moment for rapid and precise maneuvering.

2) Comparison of 2D and 3D Flapping Foils:The objective
of this set of simulations is to examine the effect of foil
aspect-ratio

(
AR = span2/area

)
on the foil performance as

well as the vortex topology of the wake. Fish pectoral fins
tends to be of low aspect-ratio with typical values in the
vicinity of about 2.0 [16] [17] and it is expected that the BAUV
pectoral fin will also be of a similar aspect-ratio. Despite this
preponderance of low aspect-ratio fins in the nature, most
of the theoretical, computational and experimental work has
been carried out for infinite span (2D) foils. Some recent
studies [3] [15] [18] [19], have examined the performance
of realistic low aspect-ratio foils but it is fair to say that no
systematic effort has yet been made to examine the effect
of aspect-ratio on the foils performance. Such knowledge
would obviously be crucial in designing/sizing a biomimetic
pectoral fin. Furthermore, from a fundamental point-of-view,
it is of interest to examine the vortex dynamics and wake
topology associated with low-aspect ratio flapping foils viz-
a-viz corresponding infinite aspect-ratio foils. To this end,
we have initiated a set of simulations of flapping foils of a
range of aspect-ratios and some preliminary results from these
computations are presented here.

For these simulations we employ foils which are ellipsoidal
in shape (see Fig. 2) wherein the geometry of the foil is
specified in terms of the three major-axes(ax, ay, az) where
ax, ay andaz are also the foil chord (c), thickness and span
(s) respectively. Note that the aspect ratio of these foils is
given by AR = 4

π (az/ax) Three different ellipsoidal foils
have been examined: A two-dimensional (AR = ∞) foil with
major-axes(1.0, 0.2,∞); a circular planform foil with major-
axes(1.0, 0.2, 1.0) and AR = 1.27 and finally, an elliptical
planform foil with major-axes(1.0, 0.2, 2.0) andAR = 2.55.

(a)

(c)

(d)

(b)

Fig. 5. Spanwise vorticity contour plots for a 2D heaving foil with four
different pitch-bias angles. (a)α0 = 0 (b) 10o (c) 20o (d) 30o. The arrow
indicates the extent of motion of the foil centroid.
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Fig. 6. Effect of pitch-bias angle on the mean thrust and lift coefficient of
the flapping foil.

A low Reynolds number of 100 is chosen for these simulations
and the Strouhal number is fixed at a value of 0.5. Furthermore,
for these simulations the flapping parameters are fixed at
z1/c = 0.25 and α0 = α1 = 0. Thus in these first set of
simulations, we focus on a purely heaving motion with no
pitch variation.

Figure 7 shows a sequence of spanwise vorticity contour
plots for the 2D foil at four phases in its flapping motion. As
expected, it is observed that the motion results in the formation
of large spanwise vortices which convect into the foil wake.
These vortices arrange themselves in a somewhat regular
pattern in the near wake which resembles the inverse Karman
vortex street observed by others [4], [5] for 2D flapping foils.

In Figure 8(a) is plotted one isosurface of enstrophy for
the case of the circular disk whereas Figure 9(b) shows the
corresponding plot for the elliptical planform airfoil. The time
instant for these plots corresponds to that of Figure 7(d), ie.
when the foil is at the lower extreme of its heave cycle. The
key features observed in both these plots are the vortex loops
and ring-like structures which seem to dominate the wakes
of these low aspect ratio flapping foils. It should be noted
that Drucker & Lauder [17] have observed the formation
of vortex rings from the low-aspect ratio pectoral fin of a
Bluegill sunfish. It is also interesting to note that these vortex
structures are reminiscent of those found in axisymmetric
wakes [20] and therefore the correspondence between the
wake topologies of drag and thrust producingcylinders ex-
tends to three-dimensional bodies also. However, the similarity
between 2D and 3D flapping foil wakes seems to end there.
The dynamics of vortex loops tend to be dominated by the
streamwise oriented “legs” of the loops which can be modified
significantly due to the shear in the wake. Furthermore, these
legs also contribute significantly to the streamwise momentum
in the wake and are consequently a key determining factor for
the thrust of the flapping foil.

The diminished importance of spanwise vorticity in the
wake of low-aspect ratio flapping foil is best seen by examin-
ing the spanwise vorticity plot on the foil mid-span which

(a)

(c)

(d)

(b)

Fig. 7. Spanwise vorticity contour plots for a 2D heaving foil at four different
phases in the cycle. (a)ωt = 0 (b) π/2 (c) π (d) 3π/2
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Fig. 8. Enstrophy isosurface plot for the circular disk heaving foil at phase
ωt = 3π/2. The arrow indicates the direction of the freestream..
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Fig. 9. Enstrophy isosurface plot for the elliptical planform disk heaving
foil at phaseωt = 3π/2.
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Fig. 10. Spanwise vorticity contour plot at foil mid-span for low-aspect ratio
foils. (a) circular disk (b) elliptical planform. foil.

is shown in Figure 10 for the circular disk and elliptical
planform foils. The phase for these two plots corresponds to
the enstrophy plots in the previous two figures and can be
compared directly with Figure 7(d) for the 2D flapping foil.
The concentrated spanwise vorticity seen in these plots corre-
sponds to the “heads” of the vortex loops and these are found
to be of a relatively lower strength and spaced farther apart
from each other than the 2D flapping foil case. Consequently,
it is expected that the spanwise vorticity will have a relatively
minor contribution to the streamwise momentum balance in
the wake. An extensive computational analysis of these low
aspect-ratio flapping foils is currently being conducted and
results from this study will be presented in the future.

V. CONCLUSION

A new finite-difference based Cartesian grid method has
been developed which allows us to simulate flows with com-
plex 3-D moving bodies. The method has been used to simu-
late and examine the flow associated with 2D and 3D flapping
foils. A study of a 2D flapping foil with an imposed pitch-
bias indicates that this control parameter could be effective
in producing forces and moments required for rapid pitching
and rolling maneuvers. A sequence of simulations have been
performed in order to examine the effect of foil aspect-ratio
on their performance and wake topology. Simulations indicate
that low aspect-ratio foils produce wakes that are significantly
different from their 2D counterparts and further analysis is
needed in order to gain better insight into these issues.
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