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ABSTRACT
Recent studies have shown that by utilizing the interactions among median fins (the dorsal, anal, and caudal fins), fishes can achieve higher
propulsion performance at the caudal fin. This work aims at a systematic study of the effects of dorsal/anal fin shape and flapping phase on the
hydrodynamic performance due to median-fin interactions (MFI) in underwater propulsion using a three-dimensional bluegill sunfish model.
Flow simulations were conducted on stationary Cartesian grids using an immersed-boundary-method-based incompressible Navier-Stokes
flow solver. The results showed that, due to the collision between the posterior body vortices (PBVs) and caudal fin leading edge vortices
(LEVs), the latter is strengthened. As a result, the thrust and efficiency of the caudal fin are improved simultaneously, by 25.6% and 29.2%,
respectively. Increases in the dorsal/anal fin area result in stronger caudal fin LEVs, and thus further caudal fin performance enhancement.
On the other hand, changing the dorsal/anal fin flapping phase affects the collision time between the PBVs and the LEVs, and results in caudal
fin performance changes. Phase-leading dorsal and anal fins are found to improve caudal fin efficiency, whereas phase-lag dorsal and anal
fins maintain caudal fin thrust at a higher level. Compared to trunk-synchronized dorsal and anal fins, 60○ phase-leading dorsal and anal fins
increase the propulsive efficiency of the caudal fin from 77.9% to 90.1%. In addition, it is found that the presence of the dorsal and anal fins
greatly reduces drag on the fish body by preventing the PBVs from crossing the body midline and debilitating interactions between the left-
and right-stroke PBVs. Results of this work improve our understanding of MFI in fishlike swimming and demonstrate the benefits of optimal
MFI for the design of high-performance bioinspired underwater vehicles.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5129274., s

I. INTRODUCTION

One hallmark of fish swimming is the coordination between
body undulation and motion of median fins, such as the dorsal, anal,
and caudal fins.1,2 Previous research3,4 has suggested that flow shed
by the dorsal and anal fins could potentially enhance the propulsive
performance of the caudal fin. With experimental and numerical
methods, Wolfgang et al. studied the flow pattern of giant danio
(Danio malabaricus) and found that the caudal fin constructively
interacts with the body-generated vortex in fish straight-line swim-
ming.5 Using particle imaging velocimetry (PIV) measurements,
Drucker and Lauder have observed the wake interactions between
the upstream dorsal fin and downstream caudal fin of teleost fish
such as bluegill sunfish (Lepomis macrochirus)6 and rainbow trout

(Oncorhynchus mykiss),7 and hypothesized that the caudal fin could
intercept vortices shed periodically from dorsal and anal fins to
enhance its thrust. Tytell8 later analyzed the three-dimensional (3D)
streamwise vortex structures of bluegill sunfish and proposed that
the caudal fin could angle itself correctly to take advantage of these
wake interactions and thus enhance thrust. Similar conclusions were
also made from studies in brook trout (Salvelinus fontinalis) by
Standen and Lauder,9 based on the observation of the caudal fin
passing through the incident flow induced by the dorsal and anal
fins located upstream.

Using direct numerical simulations (DNS), Liu et al.10 quan-
titatively investigated the 3D body-fin and fin-fin interactions
in Crevalle Jack (Caranx hippos) fish, and confirmed previous
hypotheses of fin-fin interactions. By extracting energy from
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vortices shed from the dorsal and anal fins, the leading edge vor-
tices (LEVs) on the caudal fin, which is closely related to the caudal
fin pressure distribution,11 are significantly strengthened and up to
a 13.4% increase in caudal fin thrust was achieved in Crevalle Jack.
In addition, the dorsal and anal fins reduced body drag (by about
20%) by giving rise to a larger pressure difference between the oppo-
site sides of the fish body. More recently, Zhong et al.12 have studied
the effects of the dorsal fin sharpness on the swimming speed and
economy with a tuna-inspired fish model, and found that, similar
to the wing strakes of the fixed-wing aircraft, the dorsal-fin-induced
cross-flow stabilizes the leading edge vortex of the caudal fin and
thus improves its hydrodynamic performance.

Although considerable progress has been made in the study
of fin-fin interactions in fishes, analysis of dorsal and anal fins’
effects on propulsive performance in teleost fishes remains limited
to two areas owing to the soft, flexible fin rays that comprise the
fin surfaces.2,13 First, studies on the kinematics of largemouth bass
(Micropterus salmoides),14 yellow perch (Perca flavescens),15 rain-
bow trout (Oncorhynchus mykiss fontinalis),7 and bluegill sunfish16

showed that, during steady swimming, the teleost fishes are able to
adjust the height of their dorsal and anal fins at different swim-
ming speeds. Moreover, the changes of the dorsal fin shape due to
fin damage caused by aggressive attacks between fish17 and fish wel-
fare issues18,19 have been reported. MacLean et al.17 have observed
that 130 out of 139 juvenile Atlantic salmon lost 10%–40% of their
dorsal fin tissue as a result of the aggression behavior. Though a
recent study on biorobotic fish14 has shown that, compared to the
folded fin state, fully erected dorsal and anal fins increase the linear
acceleration rate of the robotic fish model by as much as 32.5%, the
effects of the dorsal and anal fin area on the fish steady swimming
still need to be explored. Second, due to fin ray flexibility, the dor-
sal and anal fins are found oscillating out of phase with respect to
the body trunk16 and caudal fin. Standen and Lauder16 looked into
the three-dimensional (3D) fin kinematics of a swimming bluegill
sunfish and found that, during propulsion, though the dorsal and

anal fins are oscillating in phase, between the trunk and dorsal/anal
fin, an obvious phase-shift exists. In an earlier work,6 in compari-
son with the movement of the caudal fin, phase-advanced dorsal fin
motion was observed in bluegill sunfish. These results suggest that,
rather than simply following the motion of the trunk with in-phase
movements, the partially phase-independent motions of the dorsal
and anal fins might play more complex roles in fish propulsion. In
addition, both computational and experimental studies of idealized
two-dimensional hydrofoils have suggested that, by optimizing the
phase offset and relative position between hydrofoils, propulsors can
improve performance by operating in close proximity.20–26

In this paper, a 3D model of bluegill sunfish with flexible dorsal
and anal fins was employed to systematically investigate the shape
and flapping phase effects of dorsal and anal fins on median-fin
interaction (MFI). Using an in-house high-fidelity computational
fluid dynamics (CFD) solver, 3D flow structures of the fish model
were studied first. Then, subsequent simulations changing the dor-
sal/anal fin shape and flapping phase were conducted. By comparing
the thrust force and propulsive efficiency between different cases, the
benefits of MFI were studied quantitatively. Further analysis of vor-
tex dynamics and surface pressure distributions were performed to
elucidate the underlying mechanisms of the MFI.

The current paper is organized as follows. In Sec. II, the physi-
cal problem is presented, including the sunfish-like model with key
geometric parameters and the kinematics description. The numeri-
cal method and simulation setup are then given in Sec. III. In Sec. IV,
the simulation results are discussed in the context of hydrodynamic
performance and vortex dynamics. Conclusions are summarized in
Sec. V.

II. BLUEGILL SUNFISH-LIKE BODY-FIN MODEL
AND PROBLEM DEFINITION

In this paper, a 3D bluegill sunfish trunk-fin model, including
the body trunk (TK), dorsal fin (DF), anal fin (AF), and caudal fin
(CF), is employed, as shown in Fig. 1(a). Similar to the previous

FIG. 1. (a) Lateral view of the bluegill sunfish-like model. (b)
Midlines of the bluegill sunfish-like model during undulatory
motion. (c) Comparison of the dorsal and anal fin geome-
tries with natural shapes, and samples of dorsal fin shapes
with different R values seen in the side view. The red lines
delineate the base edge of the dorsal fin, which conforms
to the trunk and remains unchanged when R is changing.
(d) Comparison of the trunk and dorsal fin lateral excur-
sions between the current undulatory kinematics (R = 1.0, φ
= 20○) and the kinematic data digitized from video record-
ings and previous experimental results16 (EXP) of bluegill
sunfish swimming at 2.0 L/s. (e) A top view snapshot of a
bluegill sunfish individual swimming at 2.0 L/s. The body
midline and the dorsal fin outer edge are delineated by the
dashed white and red lines, respectively.
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work of Liu et al.,10 a solid body with a closed surface is used to
model the TK, and membranous plates are used to model the fins.
Key geometric and kinematics quantities associated with this model
are defined in Fig. 1(b), where L denotes the total body length,
and A(x) describes the lateral excursion envelope of the trunk and
fins.

Fin morphology and body kinematic data were obtained from
bluegill sunfish (mean total body length ≈16 cm) swimming in a
recirculating flow tank (28 cm wide, 28 cm deep, 80 cm long) as
in our previous research.27,28 Three synchronized high-speed video
cameras (Photron Fastcam and APX, Photron, Inc.) were used to
record images at 500 Hz from the lateral (side), dorsal (top), and
ventral (bottom) views. With these videos and the 3D surface recon-
struction technology,29 the deformation and motion of the body and
fins were digitized simultaneously. Data on steady undulatory body
locomotion was obtained at different speeds ranging from 0.5 body
lengths/sec (L/s) to 2.5 L/s, and the fin geometry considered here is
based on that of a fish swimming at 2.0 L/s. In Table I, the detailed
geometric information is provided on the surface areas of the dorsal
(SDF), anal (SAF), and caudal (SCF) fins, maximum stretching heights

TABLE I. Geometric quantities of the bluegill sunfish model. (All the quantities in
length scale and area scale are normalized by L and L2, respectively.)

SDF SAF SCF dmax ,DF dmax ,AF LCF LCF

0.028 0.020 0.050 0.142 0.133 0.346 0.205

of the dorsal fin (dmax ,DF) and anal fin (dmax ,AF), as well as the ver-
tical height (HCF) and streamwise length (LCF) of the caudal fin.
In the current model, the total area of dorsal and anal fins is very
much comparable to that of the caudal fin. The maximum stretching
height, which defines the largest vertical distance between the dorsal
(anal) fin outer edge and the trunk, has a similar value for dorsal and
anal fins.

To describe the undulatory motion of the swimming fish, simi-
lar to the previous work,30 traveling wave equations with several key
parameters are introduced as follows:

Z(x, y, t) =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

A(x) ⋅ sin(2π
λ

x − 2π
T

t), trunk/caudal fin, (1)

(A(x) + Admax

d(x, y)
dmax

) ⋅ sin(2π
λ

x − 2π
T

t + φ
d(x, y)

dmax
), dorsal/anal fin, (2)

A(x) = a2x2 + a1x + a0, (3)

where all the quantities in the length scale are normalized by L. Z(x,
y, t) defines the lateral excursion of different body parts. x is the
axial distance from the snout along the longitudinal direction; t is
time and T is the period time, which has been normalized to be
1.0. λ is the wavelength, whose value has been observed to change
among different swimming modes,31 different swimming individu-
als using same mode,32 and even the same individuals at different
swimming speeds.33,34 However, in the current work, to focus on
the dorsal/anal fin shape and phase effects, the wavelength λ is fixed
to be 1.0L, which is in the range of 0.89–1.10L observed in most
carangiform swimmers.35 A(x) is denoted by a quadratic polyno-
mial function in Eq. (3), with parameters a0 = 0.02, a1 = −0.08, and
a2 = 0.16, which were used for carangiform swimmers.30 Figure 1(b)
shows a sequence of midlines of the current fish model during one
tail-beat cycle. Though the dorsal and anal fins are much smaller
than the caudal fin in size and might have higher harmonics as
elastic structures, in our current study, they are restricted to have
a same flapping frequency with the caudal fin and their kinemat-
ics is described in Eq. (2). In Eq. (2), to define the lateral excursion
and phase difference of the dorsal and anal fins with respect to the
motion of the body trunk, two linear terms containing Admax and φ
are introduced, where Admax is set to be 0.02L based on the previous
work16 and φ varies from −100○ (phase lead) to 100○ (phase lag).

d(x, y) defines the vertical distance between the dorsal (anal) fin
point (x, y) and the dorsal (anal) fin base, where the local mini-
mum (maximum) y value, ymin∣x( ymin∣x), is achieved for the dorsal
(anal) fin. dmax defines the maximum d(x, y), as shown in Fig. 1(c).
In addition, the dorsal and anal fins in our current computational
model have dmax values of 0.142L and 0.133L, respectively. Further-
more, R is introduced as a shape factor to describe the dorsal/anal
fin shape changes. In Fig. 1(c), R = 1.0 defines the natural dor-
sal/anal fin shape obtained from the high-speed videos at 2.0 L/s.
With the edge of the dorsal/anal fin attaching to the trunk part (the
base of the dorsal/anal fin) fixed, compressing or expanding the fin
height by different factors R yields different dorsal/anal fin shapes,
as shown in Fig. 1(c), where two additional dorsal fin shapes are
presented and the fixed dorsal fin base edge is delineated by the
red solid line. For simplicity, in all the simulations, the anal fin
adopts same shape factor R with the dorsal fin. Due to the body
conforming base edge of the dorsal and anal fins, the area of the dor-
sal and anal fins changes with the fin height with the same shape
factor R.

To validate the current kinematic model in Fig. 1(d), the lateral
excursions of two selected points on the body trunk (x = 0.62) and
the dorsal fin edge (x = 0.72) [points TK and DF in Fig. 1(c)] are plot-
ted, which show good agreement with the kinematic data digitized
from video recordings and previous experimental data16 of bluegill
sunfish swimming at 2.0 L/s.
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FIG. 2. The velocity of the free-swimming bluegill sunfish model center of mass as
a function of time.

From the high-speed videos we took, we also observed that,
some bluegill sunfish individuals employed phase-leading dorsal and
anal fins during steady swimming. Figure 1(e) shows a snapshot of
sunfish at 2.0 L/s. The body midline and dorsal fin outer edge were
delineated by the dashed white and red lines. At this time instant,
though the tail tip was moving downwards, the posterior trunk part
started to flap upwards already, as denoted by the blue arrow. The
dorsal fin presented a significant phase lead with respect to the trunk
in this figure.

To examine the hydrodynamics of bluegill sunfish swimming,
two key dimensionless parameters, the Strouhal number (St) and
Reynolds number (Re), are denoted as follows:

St = f ⋅ 2ACF

U∞
, Re =

U∞ ⋅ L
ν

,

where f is the flapping frequency of the caudal fin, ACF is the semi-
amplitude of the caudal fin, U∞ is the velocity of the incoming flow
and ν is the kinematic viscosity. Although the Reynolds number of
swimming bluegill sunfish is in the order of 104, it is always a chal-
lenge to do direct numerical simulations at such a high Reynolds
number due to the current computational capability. In this study,
a Reynolds number of 3000 is adopted according to the previous
work of Liu et al.,10 which showed that, above this Reynolds num-
ber, the fish swimming is still inertia-dominated and the MFI results
do not change substantially. To choose the St for studying the MFI,

a self-propelled fish model with R = 1.0 and φ = 0○ is used to
determine the U∞ by restricting the degree of freedom of the
fish swimming in the streamwise direction only. The time history
of the center of mass streamwise velocity is plotted in Fig. 2. It
shows that after about 10 cycles, the swimming speed of the fish
model reaches a periodic state and the cycle-averaged speed is found
to be 0.54 L/T, which corresponds to 0.37 Strouhal number used
in the current study. This falls within the range of efficient fish
propulsion.36,37

The surface pressure and shear force on the fish model’s trunk
and fins are projected from the flow variables around the fish body
and integrated to compute the forces. In addition, the hydrodynamic
power (P) is calculated from the integration along the model surface
using P = ∮ −(σ ⋅ n) ⋅Vds, where σ andV represent the stress tensor
and the velocity vector of the fluid, and n is the normal vector of
each point on the model surface. Two nondimensional coefficients
(CT and CP) are defined to represent the thrust force (T) and the
hydrodynamic power (P) as follows:

CT =
T

0.5ρU2
∞SCF

, CP =
P

0.5ρU3
∞SCF

,

where ρ is the fluid density and SCF is the caudal fin area. Accord-
ingly, the cycle-averaged thrust and power coefficients are denoted
by CT and CP, respectively. The hydrodynamic efficiency η is defined
as the thrust-to-power ratio (CT/CP). These parameters are used to
compare the performance between different models in the following
sections.

III. NUMERICAL METHOD AND SIMULATIONS
The 3D incompressible Navier-Stokes equations are employed

as the governing equations and solved using an immersed-
boundary-method based in-house CFD solver, which has been
successfully applied in many simulations of flapping propul-
sion.38–41 Details about this method can be found in Dong et al.42

and validations about this solver can be found in our previous
papers.43

Figure 3(a) shows a schematic of the nonuniform Cartesian
grid employed in this paper, with a domain size chosen to be 10.0L
× 6.0L × 6.0L. To resolve the trunk/fin shapes of the fish model
and near-field vortex structures, a refined region of 1.2L × 0.6L

FIG. 3. (a) Schematic of the computational mesh and boundary conditions employed in this paper. Grid independent study on the caudal fin thrust (b) and caudal fin power
(c) with three different grids, the coarse grid (305 × 121 × 153 ≈ 5.6 million, Δmin = 0.0075L), the medium grid (385 × 193 × 193 ≈ 14.3 million, Δmin = 0.0038L), and the
fine grid (449 × 257 × 225 ≈ 26.0 million, Δmin = 0.0025L).
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TABLE II. Grid independent study results demonstrated the performance of the
caudal fin.

Mean thrust RMS thrust Mean power RMS power
Grid (CT) (CT ,RMS) (CP) (CP ,RMS)

Coarse 0.375 0.476 0.504 0.643
Medium 0.383 0.483 0.492 0.615
Fine 0.385 0.484 0.482 0.602

× 0.3L is set around the fish model. At the upstream boundary, a con-
stant velocity incoming flow boundary condition is provided. At the
downstream boundary, an outflow boundary condition is provided,
allowing the vortices to convect out of this boundary without reflec-
tions. In addition, at all the lateral boundaries, the zero-gradient
boundary condition is applied. For the pressure at all boundaries,
a homogeneous Neumann boundary condition is applied.

To preclude grid dependence of the simulations, a grid inde-
pendent study is conducted on three different grids (i.e., the coarse,
medium, and fine grids). Figures 3(b) and 3(c) compare the corre-
sponding instantaneous caudal fin thrust and power coefficients and
show that, between the medium and fine grid, the difference in the
peak thrust value is less than 1% and that in the peak power value
is less than 2.0%. Table II compares the mean and root mean square
(rms) values of the caudal fin thrust and power coefficients among
grids. For all the values, the percentage differences show a magni-
tude less than 2.5% between the medium and fine grids. Therefore,
the grid dependence of the hydrodynamic performance in the cur-
rent study is excluded. For all the simulations below, the medium
grid is employed.

IV. RESULTS AND DISCUSSION
In this section, the full trunk-fin model, which contains trunk

and three median fins, with R = 1.0 and φ = 0○, is employed as the
baseline case and its performance is discussed first. Then, the thrust
and propulsive efficiency of the caudal fin are compared among
models with different dorsal and anal fin shapes. The effects of phase
difference between the upstream dorsal/anal fins and downstream
caudal fin on the caudal fin performance are also studied. In addi-
tion, in the end, the effects of dorsal/anal fins on the trunk drag are
investigated.

A. Hydrodynamic forces and wake topology of full
trunk-fin model

In all simulations, to achieve periodic states, at least five
undulatory cycles are simulated. Figure 4 shows the periodic
hydrodynamic performance results of the full trunk-fin model with
R = 1.0 and φ = 0○, where the subscript “1” in CT ,1 and CP ,1 denotes
the baseline case. Figure 4(a) shows that, for all four parts included
in the model, the trunk generates most of the drag force D, which is
negative T, while the caudal fin works as the main propulsor. Com-
pared to the caudal fin, the magnitude of forces generated by the
dorsal and anal fins is much smaller. The instantaneous hydrody-
namic power consumption of different parts is shown in Fig. 4(b),
which shows that most of the power is consumed by the trunk and
caudal fin. As the main propulsor, the CP ,1 amplitude of the caudal
fin is much larger than that of the body trunk. Power consump-
tion of the dorsal and anal fins is relatively small when compared
to that of the trunk and caudal fin. In Table III, the CT,1 and CP,1
of different body parts are provided. The total force generated by
the dorsal and anal fins is about 5% of the caudal fin force, which
suggests lower hydrodynamic benefits of the dorsal and anal fins as
propulsors.

Figures 5(a) and 5(b) show the 3D wake topology of the base-
line case when the caudal fin just reaches its leftmost position and
starts to move back to the opposite side. Due to the flapping motion,
two sets of interconnected vortex rings are generated in the down-
stream region, which is consistent with the double row wake struc-
tures described in previous papers.10,30 As observed in Fig. 5, vortices
are generated in the posterior region of the body, especially at the
outer and trailing edges of the dorsal and anal fins [terminology
for these regions is based on Fig. 1(e) in Tytell8]. These vortices are
denoted as posterior body vortices (PBVs) in Fig. 5(b). In Fig. 5(b),
vortices generated by the leading edge and trailing edge of the cau-
dal fin are denoted as LEV and TEV, respectively. Three slices are
cut along the streamwise direction of the fish model and 2D stream-
wise vorticity contours are plotted in Figs. 5(c)–5(e) to compare
with the experimental measurements by Tytell8 at similar locations.
Figure 5(c) shows the flow field at the trailing edge of the dorsal and
anal fins. These two vortices labeled as “PBV” refer to the “dorsal fin”
and “anal fin” vortices in Fig. 4(b) of Tytell.8 Figure 5(e) shows the
flow field at the posterior margin of the caudal fin. Comparison to
Fig. 4(a) in Tytell8 shows that vortices generated by the caudal fin tip
and caudal fin notch, as well as the remnants of the dorsal and anal
fin vortices, are similar in location and sign between the simulation
and experiment.

FIG. 4. (a) Thrust and (b) power coeffi-
cients generated by TK, DF, AF, and CF
of the full trunk-fin model with R = 1.0 and
φ = 0○ during one undulatory cycle.
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TABLE III. Cycle-averaged thrust (CT,1) and power coefficients (CP,1) generated
by different parts of the full trunk-fin model with R = 1.0 and φ = 0○.

TK DF AF CF

CT,1 −0.388 0.013 0.007 0.383
CP,1 0.534 0.082 0.073 0.492

B. Effects of dorsal and anal fin shape
To provide a comprehensive picture of how dorsal and anal

fins affect the propulsive performance of the downstream caudal fin,
computational models with different dorsal and anal fin shapes are
employed to conduct simulations, with the phase difference φ fixed
initially to 0○.

In Fig. 6(a), cycle-averaged thrust coefficients CT and efficiency
η of the caudal fin are normalized by the baseline case and plotted
with respect to the shape factor R. The simulation results indicate
that, with the increase of the dorsal and anal fin area, the thrust gen-
erated by the caudal fin increases monotonously, though the rate of
increase becomes smaller when R > 1.0. The normalized propulsive
efficiency in Fig. 6(a) shares the same trend as that of the normalized
thrust, which implies that, for all these simulations, the hydrody-
namic power consumed by the caudal fin does not change much.
When compared to the trunk-caudal fin only case (R = 0.0), the
thrust and efficiency of case R = 1.0 are improved by 25.6% and
29.2%, respectively. Figure 6(b) shows a comparison of caudal fin
thrust between four different models with R = 0.0, 0.4, 1.0, and 1.4.
In general, the instantaneous force histories of all these four cases
show two maxima for each stroke due to the flapping motion of the
caudal fin. However, with the increase of the dorsal and anal fin area,
the thrust generated by the caudal fin is improved during most of the

cycle. We also observed that increasing the dorsal and anal fin area
makes the maximum thrust occur earlier in the flapping cycle. For
instance, the maximum thrust is brought forward from t/T = 0.90 to
t/T = 0.84, when R is increased from 0.0 to 1.0.

To understand the underlying mechanisms of this performance
enhancement, we examine the vortex dynamics. Figure 7 shows
instantaneous wake structures of models with different dorsal/anal
fin shapes {R = 0.0 [(a1) and (a2)], R = 0.4 [(b1) and (b2)] and R = 1.0
[(c1) and (c2)]}, at the time instants t/T = 0.58 [(a1), (b1), and (c1)]
and t/T = 0.83 [(a2), (b2), and (c2)], during which time the cau-
dal fin of model R = 1.0, φ = 0○ produces dramatically more thrust
than the other two cases. In Figs. 7(a1), 7(b1), and 7(c1), the cau-
dal fin just reaches its leftmost position and then moves rightward
in Figs. 7(a2), 7(b2), and 7(c2). The subscripts “R” and “L” repre-
sent the vortices generated in the rightward and leftward strokes,
respectively. In Figs. 7(b1) and 7(c1), strong posterior body vortices
(PBVR) are found rolling up along the outer and trailing edges of the
dorsal fin. As the dorsal fin moves rightward, the PBVR in Figs. 7(b1)
and 7(c1) sheds into the wake and collides with the leading edge vor-
tex (LEV) of the caudal fin in Figs. 7(b2) and 7(c2). In Fig. 7(c2), a
zoomed-in view is presented to show the detailed PBVR and LEV
collision. To implement a straightforward comparison, Figs. 7(a1)
and 7(a2) show the wake structures of the trunk-caudal fin only
model at the same time instants. It can be seen that, without the
dorsal and anal fins, though PBVR can still be generated along the
dorsal and ventral edges of the trunk in Fig. 7(a1), flow is compressed
toward the peduncle region and convects along the surface of the
posterior trunk. Consequently, the collision between PBVR and LEV
does not happen in Fig. 7(a2), and thus the LEV generated at the
caudal fin is weaker than that of the other two cases. The 3D wake
structure results here indicate that the presence of the dorsal and
anal fins enhances the propulsion performance of the caudal fin by
inducing a stronger caudal fin LEV.

FIG. 5. Three-dimensional wake struc-
ture of the full trunk-fin bluegill sunfish
model with R = 1.0 and φ = 0○ from
the top view (a) and the perspective view
(b). The wake structure is colored by the
isosurface of Q-criterion. The isosurface
Q = 5 is in grey and Q = 40 is in blue. The
latter highlights the vortex core. Arrows
in (b) indicate directionality of the vor-
tex tubes or vortex rings. The red and
orange arrows indicate vortices gener-
ated during right and left strokes, respec-
tively. 2D streamwise vorticity contours
are plotted at three cross section loca-
tions: the dorsal/anal fin trailing edge (c),
the middle (d), and the posterior mar-
gin (e) of the caudal fin. The vorticity is
normalized by U∞/L.
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FIG. 6. (a) Cycle-averaged thrust coeffi-
cients (CT ) and propulsive efficiency (η)
of the caudal fin normalized with respect
to the baseline case, whose cycle-
averaged thrust coefficient and efficiency
are denoted by CT,1 and η1, respec-
tively. (b) Instantaneous caudal fin thrust
coefficients during one representative tail
beat.

To better illustrate the interactions between the PBVs and the
LEV, horizontal slices cutting the flow fields in Fig. 7 are plotted in
Fig. 8 to show the contours of spanwise vorticity ωy at the leading
edge of the caudal fin. In Figs. 8(b1) and 8(c1), the clockwise vor-
ticity ωy of PBVR is observed at the trailing edge of the dorsal fin
and is about to convect into the downstream wake, whereas at this
point, only a small PBVR vorticity structure is found in Fig. 8(a1) at
the dorsal edge of the trunk. After shedding from the trailing edge of
the dorsal fin, the PBVR in Figs. 8(b1) and 8(c1) propagates down-
stream and an interaction between PBVR and LEV can be observed
in Figs. 8(b2) and 8(c2). We observed that, due to the smaller stream-
wise distance between the dorsal fin and caudal fin in Figs. 8(b1) and
8(c1), the PBVR maintains its strength before colliding with the LEV
of the caudal fin. In addition, when R = 1.0, the PBVR generated by
the dorsal fin is much stronger than that of the case R = 0.4. How-
ever, at the same instant, in Fig. 8(a2), in this horizontal slice, the ωy
of the PBVR is not observed. Referring back to Fig. 7(a2), the motion
of PBVR toward the peduncle region is considered as the reason why
the clockwise PBVR vorticity in Figs. 8(b2) and 8(c2) is not observed
in Fig. 8(a2).

Circulation of the LEV is quantified during half stroke in Fig. 9
to compare the LEV strength among different cases. After the vortic-
ity field is visualized and each vortex is identified, a closed contour

line with 20% of the maximum vorticity value is set around the LEV
and the circulation is computed along this contour line. Figure 9(a)
shows the comparison of LEV circulations at the slice, which is per-
pendicular to the leading edge of the caudal fin at its mid-span. It
is found that, when t/T ≤ 0.46, the case R = 0.4 and R = 1.0 both
show larger circulation values, whereas when t/T > 0.46, the circu-
lation of case R = 0.0 is larger than that of the other two cases. The
circulation is also calculated on the horizontal planes. Figure 9(b)
shows the circulation results calculated at the horizontal slice cross
the mid-span of the caudal fin leading edge. Similar to Fig. 9(a),
a larger circulation value is first observed for case R = 0.4 and
R = 1.0, and then it falls below R = 0.0 case when t/T > 0.50.
Figure 9(c) shows the time course of the circulation change in
another horizontal slice at three-quarters-span of the leading edge.
The results indicate that, at this position, the cases R = 0.0 and
R = 0.4 share similar circulation values and only the R = 1.0 case has
a dorsal fin stretching high enough to make a difference in the caudal
fin LEV circulation. The circulation result here echoes the instanta-
neous force results in Fig. 6(b) and explains why larger caudal fin
thrust occurs when R = 1.0.

To further examine the thrust enhancement mechanism, cycle-
averaged thrust distribution is plotted on the caudal fin in Fig. 10.
These plots indicate that, for all three cases, most of the thrust

FIG. 7. Three-dimensional wake structures of models with R = 0.0 [(a1) and (a2)], R = 0.4 [(b1) and (b2)], and R = 1.0 [(c1) and (c2)] at t/T = 0.58 [(a1), (b1), and (c1)] and
t/T = 0.83 [(a2), (b2), and (c2)].

Phys. Fluids 32, 011902 (2020); doi: 10.1063/1.5129274 32, 011902-7

Published under license by AIP Publishing

https://scitation.org/journal/phf


Physics of Fluids ARTICLE scitation.org/journal/phf

FIG. 8. Contours of ωy from a horizontal slice, whose position is shown by the red lines on the top of this figure, at t/T = 0.58 [(a1), (b1), and (c1)], and t/T = 0.83 [(a2), (b2),
and (c2)]. [(a1) and (a2)] R = 0.0; [(b1) and (b2)] R = 0.4; and [(c1) and (c2)] R = 1.0.

is generated in the leading-edge region of the caudal fin, which in
turn implies that LEV is responsible for caudal fin thrust genera-
tion. Compared to the case R = 0.0, the dorsal and anal fins in cases
R = 0.4 and R = 1.0 increase the magnitude of cycle-averaged thrust
significantly and it is obvious that the mean thrust magnitude of case
R = 0.4 is between the other two cases, which is consistent with the
results in Fig. 6.

In summary, our results in this section show that the interac-
tions between the PBVs generated by the dorsal and anal fins and
the LEVs generated by the caudal fin are the main reasons for caudal
fin thrust enhancement. Larger dorsal and anal fin area results in a
stronger interaction and thus higher caudal fin thrust.

C. Effects of dorsal and anal fin flapping phase
In this section we examine the effects of dorsal and anal fin

flapping phase φ on caudal fin hydrodynamic performance when
R = 1.0, since the phase affects the interaction timing between

median fin vortices and thus is expected to influence propulsive
performance of the caudal fin.

Numerical simulations are conducted when the kinematics of
trunk and caudal fin remain unchanged, whereas the flapping phase
φ of the dorsal and anal fins varies from −100○ to 100○, where the
negative value defines phase-leading dorsal and anal fins, and the
positive value defines phase-lag dorsal and anal fins. Figure 11(a)
shows variations in the cycle-averaged thrust and power coefficients
with respect to φ. We found that thrust generated by the caudal fin
increases with the increase of φ and reaches its maximum value at
φ = 20○. After that, thrust decreases slightly. Compared to the thrust
of the trunk-caudal fin only case (R = 0.0), which is denoted by
the red dashed line in Fig. 11(a), in the presence of the dorsal and
anal fins, in most cases, thrust enhancement can be achieved. For
instance, when φ = 20○, a 26.5% increase in thrust is observed. In
Fig. 11(a), the cycle-averaged hydrodynamic power of the caudal fin
shares a similar trend with thrust. As the phase difference increases

FIG. 9. Caudal fin LEV circulation at (a) a slice, which is perpendicular to the leading edge of the caudal fin at its mid-span, (b) a horizontal slice through the mid-span of the
caudal fin leading edge, and (c) a horizontal slice through the three-quarters-span of the caudal fin leading edge. The positions of those slices are shown in the images above
the plots.
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FIG. 10. Distributions of the cycle-averaged thrust CT on
the caudal fin. (a) R = 0.0, (b) R = 0.4, and (c) R = 1.0.

from −100○ to 0○, although the power consumption increases sub-
stantially, its magnitude is still less than that of the trunk-caudal fin
only case, which is denoted by the blue dashed line in Fig. 11(a). As
the phase difference increases further, power consumption increases
slightly and then reaches a steady state. Efficiency is plotted in
Fig. 11(b) with respect to the phase difference. Again, the efficiency
of the trunk-caudal fin only case is denoted by a dashed line for
direct comparison. The most efficient case occurs at φ = −60○, and
there is a nearly 50% increase in efficiency when compared to the
trunk-caudal fin only case. With further increases in phase differ-
ence, efficiency begins to decrease. However, even for the largest
phase difference 100○ we studied here, a 9% increase in efficiency
is achieved when compared to the trunk-caudal fin only case. These
results show that for the dorsal and anal fins flapping out of phase
with the caudal fin, a phase lead leads to higher caudal fin efficiency,
whereas a phase lag tends to maintain caudal fin thrust at a high
level.

To get further insight into the physics of median fin interac-
tions, simulation results of the largest thrust case (φ = 20○) and
the most efficient case (φ = −60○) are examined. Figure 12 com-
pares instantaneous thrust generation and power consumption for
this condition. Due to the symmetry of the kinematics, it is rea-
sonable for us to focus on the first thrust/power maximum only.
It is found that, for both cases, the maximum instantaneous thrust
happens approximately at t/T = 0.30, when the leading edge of
the caudal fin is midway during its leftward motion, though for
the case φ = 20○, a small time-delay is observed. Most of the
thrust difference happens at this time, until the leading edge of the
caudal fin reaches its leftmost position and starts to flap back, which

corresponds to the time instant t/T = 0.58 in Fig. 12(a). Power con-
sumption shown in Fig. 12(b) shares a similar trend with thrust
generation.

Figure 13 compares the wake structures of these two cases.
When the caudal fin is at its mid-position [Figs. 13(a1) and 13(b1)],
a LEV is formed. For both cases, PBVL is shed from the dor-
sal fin. Later, with the caudal fin flapping leftward as shown in
Figs. 13(a2) and 13(b2), the LEV becomes stronger. In Fig. 13(a2),
a PBVL tube can be seen approaching the caudal fin on the right
side and colliding with the LEV, whereas in Fig. 13(b2), the cor-
responding PBVL structure is observed on the left side of the
caudal fin, and thus is unable to interact with the LEV. Plots
in Figs. 13(a3) and 13(b3) clearly show the differences between
the resultant wake structures of these two cases. In Fig. 13(a3), a
strong LEV is observed, whereas in Fig. 13(b3), the LEV is much
weaker.

Figure 14 shows the spanwise vorticity contours of the cases
φ = 20○ and −60○ at the same time instants as shown in Fig. 13 to
demonstrate the effects of the phase difference on the MFI. First, in
Figs. 14(a1) and 14(b1), both cases show the existence of a devel-
oping LEV. However, the positions of the PBVL are very different.
In Fig. 14(a1), the PBVL arrives at the leading edge of the caudal
fin and starts to interact with the LEV, whereas in Fig. 14(b1), the
main part of PBVL is still at its halfway point. Though a small-scale
PBVL and LEV interaction happens in Fig. 14(b1) at the leading edge
of the caudal fin, it is too small to illustrate clearly. In Fig. 14(a2),
for case φ = 20○, the interactions between PBVL and LEV become
more obvious. The PBVL from dorsal fin shows a tendency to desta-
bilize the LEV and induce the LEV to tilt away from the caudal fin.

FIG. 11. (a) Cycle-averaged thrust and
power coefficients of the caudal fin and
(b) efficiency of the caudal fin, for the
entire range of phase difference stud-
ied. All values in (a) are normalized with
respect to the baseline case R = 1.0,
φ = 0○. The dashed red and blue lines
in (a) and dashed orange line in (b) cor-
respond to the mean thrust coefficient,
power coefficient, and efficiency of the
trunk-caudal fin only case.
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FIG. 12. (a) Caudal fin thrust coefficients
and (b) caudal fin power coefficients for
cases with phase differences φ = 20○

and φ = −60○ during one representative
tail beat. At the top right corner, the lat-
eral excursions of the trunk dorsal edge
and dorsal fin outer edge are plotted for
these two cases at x/L = 0.70 to show the
kinematics difference.

However, at the same time instant, instead of interacting with the
caudal fin, the main part of PBVL in Fig. 14(b2) travels to the left
side of the caudal fin. Figures 14(a3) and 14(b3) show the compar-
ison between the resultant vorticity structures of these two cases.
In Fig. 14(a3), a noticeable LEV is observed separating from the
leading edge of the caudal fin and then recoiling toward the trail-
ing edge of the caudal fin. In Fig. 14(b3), due to the phase differ-
ence, the above-mentioned interactions are not observed. Although
an LEV can still be seen in Fig. 14(b3) attaching to the leading
edge of the caudal fin, its strength is much weaker than the LEV
in Fig. 14(a3).

Figure 15 shows the cycle-averaged thrust distributions on the
caudal fin in these two cases. The thrust of case φ = 20○ is much
larger than that of case φ = −60○ in magnitude, especially at the
leading edge and dorsal and ventral tips of the caudal fin, where the
PBVs and the LEVs interact the most as shown in Fig. 14. In addi-
tion, corresponding to the LEV recoil in Fig. 14(a3), thrust at the
caudal fin trailing edge is also larger for case φ = 20○. From Fig. 15,
it is also noticed that, compared to the thrust distribution of case
φ = 20○, the φ = −60○ case shows a more asymmetric pattern.
Comparisons between the geometries of the dorsal and anal fins in

Fig. 1(a) show that there is a concave at the posterior outer edge of
the anal fin. With this concave, the streamwise distance between the
anal fin trailing edge and caudal fin leading edge is larger than that of
the dorsal fin. At φ = −60○, the difference in the streamwise distance
between dorsal/anal fin and caudal fin produces larger asymmet-
ric thrust distribution on the dorsal and ventral lobes of the caudal
fin.

D. Effects of dorsal and anal fins on trunk drag
In this section, the effects of the dorsal and anal fins on the

hydrodynamic performance of the fish trunk are investigated by
changing the shape and flapping phase of these two fins. Figure 16(a)
shows a plot of cycle-averaged drag and power coefficients (CD,Trunk
and CP,Trunk) of the body trunk region vs the shape factor. Com-
pared to the trunk-caudal fin only case (R = 0.0), which implies
completely folded dorsal and anal fins, low height of the dorsal and
anal fins (R = 0.2) can reduce trunk drag by 8.3% and trunk power
by 3.4%. Furthermore, the increase in the dorsal and anal fin area
reduces the trunk drag further, though the power consumption is
increased slightly. When R = 1.0, the drag force on the trunk is
observed to be reduced by 15.2%, whereas the power consumption

FIG. 13. Three-dimensional wake structures of models with φ = 20○ [(a1), (a2), and (a3)] and φ = −60○ [(b1), (b2), and (b3)] at t/T = 0.30 [(a1) and (b1)]; t/T = 0.42 [(a2) and
(b2)] and t/T = 0.58 [(a3) and (b3)].
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FIG. 14. Contours of ωy on a horizontal slice, whose position is shown by the red lines on the top of this figure, at t/T = 0.30 [(a1) and (b1)]; t/T = 0.42 [(a2) and (b2)] and
t/T = 0.58 [(a3) and (b3)]. [(a1), (a2), and (a3)] φ = 20○ and [(b1), (b2), and (b3)] φ = −60○.

is increased by merely 4.1%, which still indicates a remarkable per-
formance enhancement. Noticeably, when R > 1.0, increasing the
dorsal and anal fin area only reduces the trunk drag marginally,
whereas the power consumption continues to increase. From
R = 1.0 to R = 1.4, CD,Trunk is reduced by only 0.5%, whereas CP,Trunk
is increased by 3.8%, which suggests that benefits from dorsal/anal
fin erection do not occur at all parameter combinations. Expanding
the fins too much means paying a larger power penalty for a small
reduction in the trunk drag, which is not optimal.

To look further into the drag reduction on the trunk, in
Fig. 16(b), the instantaneous trunk drag of models with differ-
ent dorsal/anal fin shapes is plotted. Consistent with the results
shown in Fig. 16(a) and Fig. 16(b), larger dorsal and anal fins cor-
respond to smaller trunk drag magnitudes. We also observe that
the case R = 0.4 presents the smallest peak-to-peak trunk drag
force fluctuation, whereas R = 0.0 shows the largest. With the
increase in dorsal and anal fin area, in addition to the reducing
drag force magnitude, the phase of the instantaneous trunk drag
is also changed. For example, in Fig. 16(b), the trunk drag of cases
R = 1.0 and 1.4 are out of phase with that of the trunk-caudal fin only
case.

In Fig. 17, the body surface pressure distributions of different
cases are compared, where the pressure coefficient p̃ is defined as
p̃ = (p − p∞)/0.5ρU2

∞ and p∞ is the pressure in the free stream.
The comparison is made at t/T = 0.58, when the largest drag differ-
ence happens in Fig. 16(b). From Fig. 17, no obvious difference can
be observed at the anterior part of trunk. However, at the posterior
region of the trunk, compared to the R = 0.0 case, with the pres-
ence of the dorsal and anal fins, in Figs. 17(b1) and 17(c1) a lower-
pressure suction zone is found on the left side of the trunk, and in
Figs. 17(b2) and 17(c2), a higher-pressure pressure zone is found on
the right side. Thus, the larger dorsal/anal fin area is responsible for
the generation of a lower-pressure suction zone and higher-pressure
pressure zone.

To investigate the causes of the differences in trunk pressure
distributions between these cases, in Fig. 18, two vertical slices are
cut in the flow field at the locations where the trunk pressure dif-
ference is the highest. In these three cases, at t/T = 0.58, PBVs can
be seen shedding from the outer edges of the posterior body part,
though only dorsal edge shedding PBVs are denoted in Fig. 18 for
clarity. We note that, for case R = 0.0, in Fig. 18(a), when the cor-
responding trunk region finishes its leftward flapping stroke and
starts to move back, the PBVR generated from the last rightward flap-
ping stroke rolls over the round dorsal edge of the trunk and inter-
acts with the newly generated PBVL at the right side of the trunk.
However, the interaction here is detrimental to the formation of a

FIG. 15. Distributions of the cycle-averaged thrust CT on the caudal fin. (a)
φ = 20○ and (b) φ = −60○.
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FIG. 16. (a) Cycle-averaged trunk drag
(CD,Trunk) and power coefficients
(CP,Trunk) corresponding to different
dorsal/anal fin shapes. All values
are normalized with respect to the
baseline case R = 1.0 and φ = 0○. (b)
Instantaneous trunk drag of models with
different dorsal/anal fin shapes during
one representative tail beat.

higher-pressure zone. Meanwhile, in Fig. 18(c), due to the presence
of the dorsal fin, the PBVR is blocked and prevented from shifting
to the right side of the trunk. On the other hand, in Fig. 18(c), the
major part of the PBVL is still attached to the outer edge of the dor-
sal fin. Thus, in contrast to what is shown in Fig. 18(a), in Fig. 18(c),
the interaction between the PBVR and PBVL does not happen near
the trunk region, and this leads to the higher-pressure pressure zone
shown in Fig. 17(c2). Wake structures of case R = 0.4 are also plotted
in Fig. 18(b) to facilitate a direct comparison. The PBVR in Fig. 18(b)
is weaker when compared to the condition shown in Fig. 18(a). As
a result, a moderate high-pressure region is generated and seen in
Fig. 17(b2), and the body drag force of case R = 0.4 is thus between
the other two cases in magnitude.

In the previous study of jack fish swimming by Liu et al.,10

a similar amount of trunk drag reduction was also reported due
to the presence of dorsal and anal fins. In that paper drag reduc-
tion was attributed to an edge vortex propulsion mechanism, which
is consistent with that observed for fish larvae.44 However, in this
paper, the results show that, instead of merely generating edge vor-
tices, the presence of the dorsal and anal fins can prevent the PBVs
from transferring to the opposite side of the trunk and thus weaken

the interactions between PBVR and PBVL near the trunk region to
reduce the trunk drag.

Furthermore, we examine the effects of the dorsal/anal fin flap-
ping phase on the hydrodynamic performance of the trunk region,
and we plot the results in Fig. 19. Figure 19(a) shows that the cycle-
averaged drag on the trunk is at its maximum value when φ = 100○,
which is the largest phase difference we studied here. However, in
this case, the trunk drag is still smaller than that of the trunk-caudal
fin only case, which is denoted by the red dashed line in Fig. 19(a). As
the phase difference decreases, drag on the trunk decreases, whereas
the power consumption of the trunk increases a small amount and
then reduces. When φ goes to −40○, although the power consumed
by the trunk is of nearly the same magnitude as that of the trunk-
caudal fin only case, which is denoted by the blue dashed line in
Fig. 19(a), trunk drag shows a 22.2% reduction. Figure 19(b) com-
pares the instantaneous trunk drag among models with different
dorsal/anal fin flapping phases. We observe that, with dorsal/anal
fin phase changes, the phase of the trunk drag in Fig. 19(b) also
changes significantly. As φ increases, the peaks and troughs of the
trunk drag are delayed by a certain phase. Also, in Fig. 19(b), when
φ ≤ 0○, which implies dorsal/anal fins lead the caudal fin, although

FIG. 17. Surface pressure of cases R = 0.0 [(a1) and (a2)], R = 0.4 [(b1) and (b2)], and R = 1.0 [(c1) and (c2)] at t/T = 0.58. (a1), (b1), and (c1) show the left side of the fish
model, and (a2), (b2), and (c2) show the right side.
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FIG. 18. Three-dimensional wake structures (Q = 0.5) and contours of ωx on two vertical slices cutting through the flow field at t/T = 0.58. (a) R = 0.0, (b) R = 0.4, and (c)
R = 1.0.

FIG. 19. (a) Cycle-averaged trunk drag (CD,Trunk) and power coefficients (CP,Trunk) corresponding to different dorsal/anal fin flapping phases. All values are normalized
with respect to the baseline case R = 1.0, φ = 0○. The dashed red and blue lines denote the cycle-averaged trunk drag and power coefficients of the trunk-caudal fin only
case. (b) Instantaneous trunk drag of models with different dorsal/anal fin flapping phases during one representative tail beat.

substantial trunk drag reduction occurs, the magnitude of the drag
peak does not change substantially. However, if we look at the trough
values, compared to the case φ = 0○, up to 30% magnitude reduction
can be observed when φ = −100○. When φ > 0○, the reverse trend is
observed.

In summary, the results of this section demonstrate that, by
reducing the interactions between the PBVL and PBVR, the dor-
sal and anal fins can induce a higher-pressure pressure zone and
lower-pressure suction zone on the opposite sides of the trunk. This
enhanced pressure difference is proposed to reduce the trunk drag.
We also show that changing the flapping phase of the dorsal and
anal fins can further reduce the trunk drag. In this study, when
R = 1.0 and φ = −40○, as much as 22.2% of the trunk drag can be
reduced compared to the trunk-caudal fin only case.

V. CONCLUSION
Using a carangiform swimmer model of bluegill sunfish, 3D

numerical simulations are conducted to explore the effects of the
dorsal/anal fin shape and flapping phase on the hydrodynamic per-
formance and associated vortex dynamics in fish-like swimming,
with the aim of investigating the benefits of dorsal and anal fins as
control surfaces independent of the caudal fin.

Investigations into the dorsal and anal fin shape effects show
that, by generating stronger PBVs, larger dorsal and anal fins induce
stronger caudal fin LEVs and thus produce higher caudal fin thrust
and efficiency. Numerical simulations also reveal that the dorsal/anal

fin phase lag and lead are related to higher caudal fin thrust and
efficiency, respectively. By utilizing the appropriate flapping phase,
a 26.5% increase in thrust or a 50% increase in efficiency can be
achieved when compared to the trunk-caudal fin only case. This is
attributed to the alteration of the interaction timing of vortices shed
by the dorsal and anal fins and the caudal fin. With an appropri-
ate phase lag, PBVs interact with the LEV and thus give rise to a
higher thrust. However, a leading-edge vortex separation is observed
later at this fin phase, which results in lower efficiency, when com-
pared to the phase lead case. With the dorsal and anal fins leading
the trunk phase by 60○, the propulsive performance of the caudal fin
is improved to 90.1%, when the trunk-caudal fin only case shows an
efficiency of 60.3%.

Besides caudal fin performance enhancement, this study also
demonstrates the effects of the dorsal/anal fin shape and flapping
phase on drag of the body/trunk region. When dorsal and anal fins
are present, PBVs are prevented from transferring across the edge
of the body trunk. The interactions between the PBVL and PBVR are
thus inhibited and a larger pressure difference is created between the
two sides of the body trunk. As the body undulates in swimming, this
larger pressure difference produces a reduction in the trunk drag.
Simulation results show that, compared to the trunk-caudal fin only
case, the baseline case here (R = 1.0, φ = 0○) reduces the trunk drag by
about 15.2% with a mere 4.1% increase in the trunk power consump-
tion. The flapping phase of the dorsal and anal fins is also found to
be crucial to trunk drag reduction. With a dorsal/anal fin phase lead
of 40○, compared to the trunk-caudal fin only case, trunk drag can
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be reduced by as much as 22.2% while a similar amount of power is
consumed.
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