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ABSTRACT

Mechanisms for hydrodynamic benefit via fluid interactions in large planar fish schools (n � 10) are investigated by two-dimensional
numerical simulations of carangiform fish swimming. It is observed that the average swimming efficiency of the 10-fish school is increased
by 30% over a single swimmer, along with a thrust production improvement of 114%. The performance and flow analyses characterize the
associated hydrodynamic interaction mechanisms in large dense schools leading to enhanced performance. First, anterior body suction arises
from the proximity of the suction side of the flapping tail to the head of the following fish. Next, the block effect is observed as another fish
body blocks the flow behind a fish. Finally, the wall effect enhances the flow of momentum downstream where the body of a neighboring fish
acts as a wall for the flapping of a fish tail moving toward it. Because these primary body–body interactions are based on the arrangement of
surrounding fish, a classification of the individual fish within the school is presented based on the intra-fish interactions and is reflected in
the performance of the individuals. It is shown that the school can be separated as front fish, middle fish, edge fish, and back fish based on
the geometric position, performance, and wake characteristics. Finally, groupings and mechanisms observed are proven to be consistent over
a range of Reynolds numbers and school arrangements.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0142950

I. INTRODUCTION

Fish schooling is motivated by a variety of factors, including
predator defense, reproduction, socialization, and hydrodynamic ben-
efits.1,2 As engineers, we are most interested in the hydrodynamics of
fish schooling for its application in our underwater vehicles.
Significant progress has been made in optimizing these vehicles for
both speed and efficiency,3–6 but more advancements are required in
understanding fish schooling to fully optimize larger groups of them.

To understand fish schooling from a hydrodynamics perspective,
many studies have utilized two-fish systems, employing two-
dimensional (2D) computational simulations and experiments to
investigate energetic, thrust, and stability benefits in flags,7 flapping
foils,8–15 and undulating foils.16–22 Utilizing side-by-side, in-line, and
staggered arrangements, some mechanisms for hydrodynamic benefit
from schooling were uncovered. In flapping foils, Broering et al.9

showed that a large thrust benefit is gained by the upstream foil when
two foils are flapping in-line. Enhancements to the downstream foil
efficiency and thrust were also observed for some spacing and phase
combinations in multiple studies.10,11 In undulating foils, hydrody-
namics and wake classification of two fish swimming side-by-side
were investigated by Dong and Lu,16 showing that in-phase swimming

provided power saving for the system, while anti-phase swimming
enhanced the forward forces generated. Maertens et al.22 showed that
hydrodynamic benefits can be achieved via an interaction with inci-
dent vortices from upstream fish. Khalid et al.19 found that in-line
swimming led to an enhancement in performance for the upstream
fish due to wake splitting by the rear fish, increasing the pressure
behind the upstream fish. A drafting effect benefiting the trailing fish
is also observed for some conditions. These two fish studies establish
some of the hydrodynamic fish–fish interactions, in addition to unique
performance for leader and follower fish; however, significant progress
is still required to understand hydrodynamics within entire fish
schools.

Significant work has been done in extending 2-fish fluids studies
into larger schools using more robust fluids models, including infinite
school approximations23–26 and multiple fish models.27–35 Saadat et al.
simulated an approximation for infinite foils utilizing a periodic
boundary condition at the inlet, finding that hydrodynamic benefits of
schooling in-line come from leading-edge suction on the trailing foil
and added-mass push on the leading foil.23 While valuable for sparse
schools, the infinite school approximation prevents close proximity of
the fish due to the boundary condition setup, requiring more fish in a
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single domain to observe larger dense schools. Lin et al.32 and Peng
et al.33 found stability in self-propelled foils in dense arrangements.
Becker et al.26 and Park and Sung34 show that interactions with the
vortex wake from previous fish can enhance performance in subse-
quent fish within a school. In Dai et al., numerical simulations of 2D
fish were leveraged to investigate energetics in schools with 2–4 fish.27

Their results suggest that more compact arrangements achieve a lower
cost of transport. Additionally, on the topic of diamond schools, Pan
and Dong investigated spacing and phase in a diamond school
arrangement.28,29 They found that the dense diamond school maxi-
mized interaction between fish and attributed hydrodynamic benefits
from schooling to a block effect, wall effect, body–body suction, and
vortex capturing. They also identified distinct interactions for the
front, edge, and back fish, with both edge fish in the diamond behaving
similarly.

Hydrodynamic interaction in large fish schools has received lim-
ited attention in the literature; however, some progress in understand-
ing has been made using lower-order models of a large number of fish
in a school.36,37 Gazzola et al. utilized a coupled reinforcement learn-
ing optimization of control of fish in large schools with a finite-width
dipole method to model the interactions between swimmers.36 Their
work evaluated various arrangements of 100 swimmers, concluding
that elongated school shapes allow for drafting and pushing to occur,
improving the school’s performance. It was also found that densely
packed swimmers within the school gave the best opportunity to lever-
age interactions for performance benefit. Filella et al. published work
that similarly uses a dipole method to approximate hydrodynamics for
schools of 100 swimmers, finding that individuals in the school
reached higher swimming speeds when including hydrodynamic inter-
actions with the fish around it in the school.37 These studies provide
valuable groundwork for understanding larger fish schools; however,
the dipole method used in these studies is low fidelity, and more work
is needed to understand the details of flow interactions for the hydro-
dynamic benefits of schooling to be fully leveraged.

Biological studies of fish schooling have identified aerobic capac-
ity, as well as anti-predator behavioral responses, essential in identify-
ing unique spatial positioning groups of individual fish within the
school.38,39 Despite some progress in understanding individual fish
performance in 2–4 fish models, no significant understanding has
been reached of how positioning within a larger school affects the
hydrodynamic performance of the individual fish.

In this research, we utilize an immersed boundary method-
based incompressible flow solver to simulate large (n � 10) 2D fish
schools in a variety of arrangements and Reynolds numbers. We
investigated the resulting hydrodynamic performance, body–body
interactions within the school, and wake features, giving the first
high-fidelity fluid analysis within a large fish school. Additionally,
we demonstrate that individual fish can be grouped based on the
arrangement of their neighbors. These groupings, along with the
underlying flow mechanisms, are shown to be consistent with
changes in width, length, and Reynolds number. The structure of
this paper is organized as follows: The methodology for the fluid
solver, validation for that method, and arrangement of the schools
are presented in Sec. II. The results, along with a detailed discussion
of underlying hydrodynamics and the observed groupings, are pre-
sented in Sec. III. Finally, Sec. IV provides a summary of the work
and its applications in the future.

II. METHODOLOGY

A. Fish-like kinematics and school configuration

To define the fish-like motion for the study, a NACA0012 foil
shape is used for the equilibrium state of the fish body. Then, traveling
wave kinematics are imposed on the foil, giving a resulting undulatory
motion that mimics a top-down view of typical carangiform swim-
ming. The body length is scaled to l¼ 1, and the lateral displacement
is given by the following equation:

yðx; tÞ ¼ AðxÞ sin
2p

k
x �

2p

T
t

� �

; (1)

where the position variables, x and y, are normalized by the body
length such that at the equilibrium state the midline of the fish body is
a flat line at y¼ 0 spanning from x¼ 0 to x¼ 1. y(x, t) represents the
lateral deviation from this midline position during the undulating
motion. T is the wave period of the traveling wave, and k is the wave-
length, both of which are set to one. A(x) denotes the amplitude of the
lateral wave and is expressed by the following quadratic polynomial:

AðxÞ ¼ a2x
2 þ a1x þ a0; (2)

where the coefficients are determined to be a0 ¼ 0:02; a1 ¼ �0:08,
and a2 ¼ 0:16. These were determined by previous experimental
data40 and have been used in previous 2D computational studies of
fish swimming.28,41 The wave amplitude envelope and the resulting
midline sequence through a cycle of motion are given in Fig. 1(a).

To determine the arrangement of fish within the school, the basic
dense diamond school is utilized. The diamond school shape has been
identified by previous studies to be the most energy efficient for a small
number of fish,1,42,43 and most recently, the dense school has been
identified as the highest efficiency,36 particularly for the diamond con-
figuration.28 To enable studies of many fish in a school, we utilize the
dense diamond as a basic sub-unit of the larger school. This allows us
to observe the most efficient arrangements of fish. Additionally, the
highly compact dense diamond maximizes interaction between fish
within the school. Utilizing this configuration, we capture all the fish–
fish interactions experienced by schooling fish. In keeping with the
findings of the previous study, the dense diamond is defined in Fig. 1
as D¼ 0.4 and S¼ 0.4. To construct larger schools, additional sub-
units of the dense diamond are appended to the previous school. The
elongated school is shown in part (b), with additional dense diamond

FIG. 1. (a) The traveling wave amplitude of a carangiform motion (red line) and the
motions of the fish body mid-line during one tail-beat period (blue lines). A denotes
the amplitude at the tail tip. (b) A schematic of an elongated dense diamond fish
school with 10-fish and the definitions of its spatial arrangement and fish number-
ing. The diamond sub-unit is shown in red.
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sub-units added in line to create a 10-fish school. To distinguish the
fish within the school, fish are numbered top to bottom, left to right,
as shown in Fig. 1(b). Throughout the text, the notation f ba is used,
where a is the fish number and b is the total number of fish in the
school.

B. Numerical methods and case setup

In this study, the 2D unsteady viscous incompressible
Navier–Stokes equations, written in index form as

@ui
@xi

¼ 0;
@ui
@t

þ
@uiuj

@xj
¼ �

@p

@xi
þ

1

Re

@u2i
@xi@xj

; (3)

govern the flow. In the equations, p is pressure, ui denotes Cartesian
velocity components, and Re is the Reynolds number, given by the
equation Re ¼ U1 l

� , where U1 is the forward swimming velocity, l is
the length of the body, and � is the kinematic viscosity of water. An
in-house immersed boundary method-based finite difference flow
solver is employed to solve the equations, which are discretized spa-
tially using a cell-centered collocated arrangement of the primitive var-
iables and integrated in time using a fractional step method. This
method has been successfully employed in previous biological swim-
ming studies44–46 and bio-inspired canonical problems,47–51 and has
been previously validated extensively.48,52,53 More details can be found
in Refs. 54 and 55.

A representative Cartesian grid is shown in Fig. 2(a) for the base-
line case of a 10-fish school. The domain employed is 10l � 20l, with
the domain length growing for each longer school. Around the body, a
fine mesh region is employed with a minimum grid spacing of
0:0035l. The resulting grid is 1696� 704, giving about 1.2 � 106 total
grid points. The boundary conditions are also shown, with the velocity
boundaries defined by an inlet boundary condition with U1 from the
left, an outlet boundary condition on the right to allow vortices to exit
the domain without reflection, and zero gradient upper and lower
boundaries with U1 to enforce free stream conditions. A grid inde-
pendence study was completed on this grid, shown in Fig. 2(b). In the
figure, the net force in the �x direction is shown for the back fish
using each of the grid sizes, where the coarse mesh has a minimum
grid size of 0:0051l and the fine mesh has a minimum grid size of
0:0025l. The average and peak Cx values, calculated as Cx ¼

Fx
0:5qU2

1 l
,

are within 2% for the nominal and fine grids, so the nominal grid is
determined to be sufficient for the study.

To further validate the computational solver for multi-body inter-
acting flows, the experimental work of Dewey et al.56 is reproduced
using the solver to verify its accuracy. In this experiment, Dewey studies
two flapping foils in a side-by-side configuration, varying their phase
difference (/) at the Strouhal number of maximum efficiency (0.25)
and a Reynolds number of 4700. The foils span the entire depth of the
water channel, mitigating their 3D effects and allowing a 2D computa-
tional approximation to compare closely with their results.

The results from the experimental data along with the computa-
tional comparison from our solver are shown in Fig. 3. In part (a), the
streamwise force coefficient for experimental data is given by the points,
as calculated via the equation shown in their paper, with the experimen-
tal error shown by the error bars, along with the computational data
shown by the lines. From this, we see that almost every data point is
within the experimental error. All points outside of the experimental
error occur at very low values of Cx, where the experimental error range,
which is given as a percentage by Dewey et al., is very small. This con-
firms the validity of our solver in calculating the hydrodynamic perfor-
mance in multi-foil interacting systems. Parts (b) and (c) contain the
vorticity and time-averaged velocity from the computational data for
the highest thrust-producing case, / ¼ p. In the figure, the vortices
shed from each foil are seen advecting away from the center plane,
resulting in the divergence of the pairs of jets behind the foils. This lat-
eral advection and jet divergence are also observed in the experimental
results of Dewey et al., with very similar vortex structures shown, further
validating our computational solver for vortex structures in unsteady
multibody interacting fluid flows in the biological regime.

C. Performance definitions

To solve for the hydrodynamic forces, Fx and Fy, the solver
directly integrates the projected surface pressure and shear force over
each body, expressed as

Fx ¼ �

ð

S

ð�pnx þ sxiniÞdS; Fy ¼

ð

S

ð�pny þ syiniÞdS; (4)

where the indices i¼ 1, 2 represent the x and y direction, sij is the vis-
cous stress tensor, and ni represents the ith component of the unit

FIG. 2. (a) Schematics of the computational domain, Cartesian grid, and boundary conditions, with a detailed inset of the grid density on the body. (b) Comparison of the
instantaneous net force coefficient of the last fish in the 10-fish school between the coarse, medium, and fine mesh.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 35, 041906 (2023); doi: 10.1063/5.0142950 35, 041906-3

Published under an exclusive license by AIP Publishing

 2
5
 A

u
g
u
s
t 2

0
2
3
 1

8
:4

6
:2

5



normal vector on element dS. Note that Fx is defined in the �x direc-
tion, such that positive Fx indicates a net thrust and negative Fx indi-
cates a net drag. The resulting force coefficients Cx and Cy are
computed by

Cx ¼
Fx

0:5qU2
1l

; Cy ¼
Fy

0:5qU2
1l

: (5)

Thrust and drag are then computed by further separating the
pressure and viscous stress components of Fx by their sign. The thrust
on the body then consists of the sum of the forward force on the body,
resulting in the thrust coefficient given by

FT ¼
1

2
�

ð

S

�pnxdSþ

�

�

�

�

ð

S

pnxdS

�

�

�

�

 !

þ
1

2
�

ð

S

sxinidSþ

�

�

�

�

ð

S

sxinidS

�

�

�

�

 !

;

(6)

CT ¼
FT

0:5qU2
1l

: (7)

The total power is defined as the rate of the output work done by
the fish to complete its motion. It is given mathematically by

Pu ¼

ð

S

ð�pni þ sijnjÞDuidS; (8)

where Dui is the velocity of the element dS relative to its surrounding
fluid in the ith direction. The coefficient of power can then be calcu-
lated as

Cpw ¼
Pu

0:5qU3
1l

: (9)

From these coefficients, we define a modified Froude efficiency g con-
sistent with previous studies:28,41

g ¼
U1Ft

U1Ft þ Pu
¼

CT

CT þ Cpw

; (10)

where the overline (�) denotes values averaged over a cycle of motion.

III. RESULTS

For the study, the undulating swimmers remain in a fixed posi-
tion with no transnational or rotational degrees of freedom. We find
the steady-swimming condition by obtaining the flow parameters that
results in a cycle-averaged net force of 0 for the single swimmer. The
Reynolds number Re is initially chosen to be 1000. This is consistent
with28,49 and corresponds to a higher Reynolds number in three
dimensions.42 In this Reynolds number regime, the viscous effect are
small while coherent vortex structures are still maintained.57 The effect
of changing the Reynolds number is presented later in the study. With
the fixed Re, we simulate a range of flow velocities to find the steady-
swimming condition. This results in a steady-swimming Strouhal
number (St ¼ 2fA=U1) of 0.43. We summarize all flow and kine-
matic parameters in Table I. A is a result of the equations given in
Fig. 2. The body length l and the wavelength k are both set to one.

For the parameters chosen in this work, the time-averaged thrust
of a single fish is CT ¼ 0:22, the undulating power coefficient is
CPw ¼ 0:28, and the associated propulsive efficiency is g ¼ 0:44.
Specifically, the swimmer suffers drag at the snout, while the tail gener-
ates most of the thrust and power consumption. The shedding vortices
behind the fish form a 2S wake. More details about a single swimmer’s
hydrodynamic performance and flow field can be found in Pan and
Dong.28,29

A. 10 Fish school hydrodynamics

To observe larger fish schools, a baseline school is studied, config-
ured like a series of 4-fish school diamonds as shown in Fig. 1. The
resulting cycle-averaged net force, along with the efficiency, thrust,
and power consumption for individual fish, along with the school

FIG. 3. (a) Streamwise force coefficient of experimental results with error bars, along with the current computational study. Vorticity (b) and average velocity (c) from the com-
putational results for / ¼ p.

TABLE I. Parameters used in this study.

Re A K l St Nfish

1000, 2000, 4000 0.1 1.0 1.0 0.43 10, 16, 23
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averages, are shown in Table II, where � indicates values normalized
by the solo swimmer. The performance of the school, in both Cx and
g, is significantly higher than a single fish, with an average efficiency of
57.3%, a 30% improvement over the single fish swimming value of
44.2%, affirming that hydrodynamic benefit is gained by the fish
through dense schooling. In comparing results with Pan and Dong,28

the larger school sees a further efficiency benefit of 9% from schooling
compared to the 4-fish dense diamond school.

Efficiency is gained from schooling by every individual, with the
least gain for f 101 at the front of the school and the most gain for f 105
and f 106 in the middle. Symmetry in the cycle-averaged performance is
also seen across symmetric fish in the school, with f 102 and f 103 , f 105 and
f 106 , and f 108 and f 109 having values within 1% of each other.

Next, the force coefficients and power consumption are given in
Figs. 4(a)–4(d). From the figures, a 2-peak cycle is shown, with

maximum CT and Cy magnitudes occurring at t=T ¼ 0:2 near the end
of the left stroke, and again at t=T ¼ 0:7 near the end of the right
stroke of the tail. To investigate the flow within the school, the vorticity
for the maximum and minimum Cx is given in Fig. 5 (Multimedia
view), along with the flow for a complete cycle of motion. Major vorti-
ces are labeled using V

]
L=R, where the top number indicates the fish

where the vortex originates, and the letter on the bottom indicates that
it is generated during the left or right stroke. During each half stroke,
the trailing edge vortex is shed off the tail region of the fish. For all but
f 1010 , the tail also interrupts the shear layer of the next fish in the school,
causing a small induced vortex which has been discussed at the back
of diamond schools.29 The shed vortex then advects downstream. An
example is shown by V1

L and V1
R, where each is seen advecting along

the body of the next fish after shedding from the trailing edge vortex
of f 101 . The induced vortices can be seen along the body of f 102 and f 103 .

TABLE II. Cycle-averaged performance of individuals in 10-fish school, as labeled in Fig. 1.

f 101 f 102 f 103 f 104 f 105 f 106 f 107 f 108 f 109 f 1010 f 10avg

C�
T 1.775 2.215 2.215 2.266 2.363 2.363 2.196 2.119 2.122 1.831 2.147

C�
pw 1.931 1.113 1.112 1.856 1.057 1.057 2.022 1.016 1.012 0.949 1.312

Cx 0.067 0.090 0.090 0.13 0.084 0.084 0.100 0.047 0.048 0.085 0.083

g� 0.953 1.384 1.384 1.112 1.446 1.446 1.046 1.410 1.412 1.368 1.296

FIG. 4. 10-fish school average Cx (a), Cy (b), Cpw (c), and CT (d) displayed over a cycle of motion, with the standard deviation shaded.
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For the fish along the mid-line, the vortex is then captured by the
channel of surrounding fish and intercepts the head of the next fish
behind it. On the edges of the school, the vortices form a pair and
advect laterally outside the school after intercepting the next fish in
line, as shown by V2

L and V2
R. For f

10
10 at the back of the school, a single

vortex (V10
L ) shed in each half stroke with no subsequent interactions.

To summarize, the primary vortex structures are given in Fig. 6,
with the major vortices represented along with the fish bodies. Each
plot shows the major vortices relevant to the body shown in orange.
First, f 101 is characterized by no oncoming vortices to interact with and
the vortices shed from the tail are contained completely by the channel
created by f 102 and f 103 (a). Next, all the fish along the edges of the
school are characterized by the lateral advection of the vortex pair
shed at the tail, similar to the edge fish vortex pattern observed in the
dense diamond school in Pan and Dong28 (b). Apart from the front-
edge fish, they have an incident vortex pair from the previous edge

fish. Additionally, with the exception of the back-edge fish, there is
another edge fish partially blocking the shed vortex from advecting in
the streamwise direction. The fish along the midline of the school have
a vortex shed from its tail, which is entirely constrained to the channel
created by edge fish around it (c). The subsequent fish behind it blocks
the streamwise advection of the vortex coming from its tail. Finally,
f 1010 similarly has a vortex incoming from the channel in front of it, but
behind it only generates a single vortex that is unobstructed as it flows
downstream (d). Additionally, since there is no additional edge fish to
disrupt the propagation of the vortex pair next to it, the pair coming
from the neighboring back-edge fish also interacts with the tail portion
of f 1010 .

The wake structure is shown in Fig. 7, with the major compo-
nents labeled in the vorticity plot in (a), the lateral velocity in (b), and
the cycle-averaged streamwise velocity in (c). The wake is shown to
have a typical reverse B�ernard–von K�arm�an (rBvK) wake core behind

FIG. 5. Vorticity (a)–(c) at t=T ¼ 0:18;
0:38; and 0.68. Key vortices are noted.
Multimedia view: https://doi.org/10.1063/
5.0142950.1

FIG. 6. Schematic of primary vortex inter-
actions based on arrangement of neigh-
boring fish.
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f 1010 , noted in black at the center of the wake. On the edges, two 2P
wake pairs are observed in green, owing to the lateral proximity of f 108
and f 109 . This overall structure matches the wake pattern shown by the
dense diamond school in Pan and Dong.28,29 The additional vortices
shed by the other fish along the edge of the school either combine with
the wake structure present or are mostly dissipated before reaching the
back of the school, creating a similar wake to the synchronous dense
diamond school. The angle of the 2P vortex streets is more narrow
than the 4-fish school results, owing to the weaker vortices from previ-
ous edge fish creating a channel for the later vortex wake, trapping it
in a more narrow space as can be seen in V9

L in Fig. 5. Additionally,
the lateral spacing between the positive and negative vortices in the
rBvK wake is wider than the in-phase diamond school, which is noted
in Pan and Dong29 to correlate with higher Cx in the school. In the
cycle-averaged velocity (c), small but increasing jets are observed along
the edge of the school, originating from an edge fish and occurring
along the subsequent fish body. Behind the school, a single narrow
long jet is observed, correlating with the rBvK wake in the vortex

wake. Additionally, two short jets occur behind the edges of the school,
corresponding to the 2P vortex structures discussed previously.

Next, the force vectors are plotted along the surface of each fish
body at the instance of peak thrust during the cycle of motion,
t ¼ 0:18T , in Fig. 8(a). The forces with a net thrust production are
shown in red, and the net drag production is shown in blue. From the
figure, a surprising result is seen among many of the fish. In addition
to the expected higher thrust output near the tail, all except the front
and top-edge fish have suction thrust on the head portion of the body.
For example, a drag-producing region is observed on the front half of
the top of all edge fish along the top of the school (f 102 ; f 105 ; and f 108 ),
whereas all other fish have some thrust production in that region. On
the same fish, there is a high thrust region on the top of the tail portion
that also occurs only in f 1010 . The front half of f

10
10 has the same pattern

as the middle fish, f 104 and f 107 with a high thrust region in the front
followed by a drag-producing region around the middle. The bottom-
edge fish have a large thrust-producing region in the first half of the
top edge. For the edge fish, the top and bottom are different because

FIG. 7. Vorticity (a), lateral velocity (b),
and time-averaged streamwise velocity (c)
demonstrating the wake structure in the
10-fish school.

FIG. 8. Surface force vectors along each fish in the 10-fish school at the peak thrust production, t=T ¼ 0:18 (a) and t=T ¼ 0:68 (b). Blue denotes net drag, and red denotes
net thrust on the surface.
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they are in different parts of the cycle, with the top-edge tail flapping
in toward the middle of the school and the bottom-edge tail flapping
away from the middle of the school. The top edge is in peak tail thrust
production at t=T ¼ 0:18, while the bottom edge is in peak head
thrust production corresponding to t=T ¼ 0:68 in the figure. The
school shape is symmetric, however, so the bottom-edge fish experi-
ence the tail and head thrust production times opposite of the top-
edge fish. The opposite can be seen at t ¼ 0:68T in part (b). At this
time, the top edge has suction force at the head, and the bottom edge
has a larger net thrust at the tail. The fish along the mid-line have a
mirrored performance to t ¼ 0:18T .

Next, the spatiotemporal force [Fx ¼ �ð�pnx þ sxiniÞ] for each
fish in the school is shown in Fig. 9. The overall pattern of two zones
of high thrust near the tail, shown in red, corresponding to the end of
the left and right strokes, is consistent with the previous study of Pan
et al.29 As expected, the front half of the front fish f 101 shows unique
performance, with a consistent drag zone on the tip through the entire

cycle (a). The back half of the front fish, however, is very similar to the
other mid-line fish (f 104 ; f 107 ; and f 1010 ), with two consistent zones of
high thrust near the back. The subsequent mid-line fish also have a
smaller thrust zone near the head twice each cycle. The back fish has a
smaller high thrust zone during its two peaks. Most unique is the fish
along the edge of the school (f 102 ; f 103 ; f 105 ; f 106 ; f 108 ; and f 109 ), which
have a single high thrust and single high drag phase on the front.
Additionally, unlike the two high thrust regions on the back observed
by all other fish, there is only one region of high thrust. The high
thrust on the tail occurs when the tail is flapping inwards toward the
school, and the performance for symmetric fish (f 102=3; f

10
5=6, and f 108=9) is

similar, with the half cycled performances flipped.
The spatiotemporal power consumption Pw ¼ �ð%r � nÞ � u) for

each fish in the school is shown in Fig. 10. The overall pattern of two
zones of high power consumption near the tail, shown in red, corre-
sponding to the end of the left and right strokes, is consistent with the
previous study of Pan et al.29 There are some differences in power

FIG. 9. Spatiotemporal forward force Fx ¼ �ð�pnx þ sxiniÞ along the fish body through one cycle of motion for (a) f
10
1 , (b) f 102 , (c) f 103 , (d) f 104 , (e) f 105 , (f) f 106 , (g) f 107 , (h) f 108 ,

(i) f 109 , and (j) f 1010 .

FIG. 10. Spatiotemporal power consumed Pw ¼ �ð�r � nÞ � u along the fish body through one cycle of motion for (a) f 101 , (b) f 102 , (c) f 103 , (d) f 104 , (e) f 105 , (f) f 106 , (g) f 107 , (h) f 108 ,
(i) f 109 , and (j) f 1010 .
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consumption between individual fish. First, the fish along the edge of
the school has one small and one large power consumption zone near
the tail, with the smaller and larger zone corresponding to the tail flap-
ping away from and toward the school, respectively. Additionally, the
back fish, f 1010 , has smaller high-power consumption regions for both
the left and right strokes.

1. Anterior body suction

Next, the body–body interactions are studied in detail. From the
works of Pan and Dong,28,29 a few primary body–body interactions
within the dense diamond school have been discussed. Within the
dense diamond study, the block effect, wall effect, and anterior body
suction effect are shown to be dominant body–body interactions in
determining the performance of the individual fish in the school.

To begin, the anterior body suction effect is investigated in detail.
This effect is shown in Pan and Dong29 to occur from the low-
pressure suction that is generated on the tail of one fish interacting
with the head of the fish behind it. In the paper, the effect is discussed
within the context of the back fish of the diamond, which saw a mod-
erate suction force on its head when the body phases are matched. To
investigate the effects of this throughout the school, the anterior por-
tion of the body, defined as the first 30% of the body length, is
observed through the cycle of motion. The net force is plotted in
Fig. 11, with the superscript a denoting the anterior portion of the
body only. Note that only the top-edge fish are included in the figure,
as it has already been shown that the bottom-edge have the same

results due to symmetry. Additionally, the pressure contour is shown
at t=T ¼ 0:25 (a) and t=T ¼ 0:75 (b). The mid-line fish all show
two peaks and two troughs in f ax , whereas the fish along the edge
of the school have a single peak and trough of significantly higher
magnitude.

The reason for this can be seen in Fig. 11(b). In this time step, the
top-edge fish are experiencing peak thrust from the anterior body suc-
tion. The bottom-edge fish, on the other hand, are near the lowest
point in their anterior net force. This can be seen using the example of
the front fish (f 101 ). The front fish tail has created a low-pressure suc-
tion and high-pressure pushing on each side of its tail. On the suction
side, the top-edge fish (f 102 ) is benefiting heavily from interacting with
this low-pressure suction zone, gaining a large net forward force on its
anterior. Conversely, the high-pressure side of the front fish also inter-
acts with f 103 , creating a large drag on its anterior portion. This effect
also explains the high-thrust zones at the head seen in Fig. 9 where the
mid-line fish have two small thrust and drag zones and the edge fish
has one large thrust zone and one large drag zone on its anterior. This
effect can be seen all along the edge fish on the top and bottom of the
school in Fig. 11(a) and is expected to occur any time the suction side
of a tail is near the head of another fish. In the middle fish, some net
suction on the anterior is still observed, similar to the back fish in the
diamond school noted by Pan and Dong.29 This occurs due to similar
suction and pushing as the edge fish, but because it has a fish on either
side of it, the effects occur simultaneously. The low- and high-pressure
regions on the anterior largely cancel out, leading to a much smaller
net effect. The net effect is still suction on the anterior because the

FIG. 11. Anterior body suction effect
shown via pressure contour [(a) and (b)]
and anterior net force (c) over a cycle of
motion for each fish. Anterior fish body is
defined as the first 30% of the body, as
shown.
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low-pressure tail is much nearer to the head of the fish than the high-
pressure tail. This allows the low-pressure zone to be more dominant
around the anterior, leading to the smaller net suction observed in the
middle and back fish. An example of this is seen in Fig. 11(a), where
f 104 has mostly low-pressure around its head but is not as dominant as
the previously discussed edge fish. The low-pressure from f 103 and
high-pressure from f 102 are largely canceling out, but the head of f 104 is
significantly closer to the tail of f 103 , meaning the low-pressure is more
dominant on the body. The results of this suction can be seen in Fig. 8(a).
In the figure, the mid-line fish are all experiencing moderate anterior
body suction, focused around the top-edge of the fish. The bottom-
edge fish are in a high anterior body suction state with high net force
around the head, and the top-edge fish are in the opposite state, with
high drag around the head resulting from high-pressure in front of
them. Throughout this motion, the power consumption remains simi-
lar between groups on the anterior, but the front and edge fish con-
sume less than the middle and back. Because of this, the edge fish
have a more distinct cycle of high and low net force on the anterior.
The low anterior thrust occurs when the tail is flapping into the school
where the anterior is low net force, and subsequently low efficiency,
and the high anterior thrust occurs when the tail is flapping away
from the school, where the net force is high and the power consump-
tion has not significantly increased, so the efficiency is significantly
higher.

2. Block effect

The block effect is shown in prior research28 to occur when the
flow behind a fish body is blocked by another body, leading to an
increase in pressure between the fish and increasing the performance
of the front fish. In the context of their dense diamond school, it was
demonstrated in the front fish when adding the back fish to the school,
with the channel of edge fish present to block the flow from propagat-
ing laterally. Also, it was shown that in the blocking effect the flow of

the vortices is prevented in the downstream. Within the context of the
large school, the block effect is also observed. From the observations of
the vortex structure in Fig. 5, we know that the vortices behind
f 101 ; f 104 , and f 107 are blocked in their downstream propagation and
f 102 ; f 103 ; f 105 , and f 106 also have partial blocking of the vortex pairs
from the downstream.

To investigate the effects further, the cycle-averaged x-velocity is
shown in Fig. 7(c), and the cycle-averaged pressure distribution is
given in Fig. 12(a). From the figure, a similar but stronger jet arrange-
ment is shown compared to the dense diamond. The edge fish, except
the back-edge, only see a small momentum-carrying jet behind them,
and a larger one occurs at the head of the next edge fish, owing to the
partial blocking of the flow by the next edge fish. This corresponds
with a higher pressure than is observed behind the fish, observed in
Fig. 12(a), giving further evidence of the presence of a partial block
effect occurring along the edge of the school. Additionally, the same
interrupted pressure zone shape observed in Pan and Dong28 is
observed in the channel behind the front and middle fish.
Unsurprisingly, the block effect continues to occur in the channel for
each of these fish. Unexpectedly, this effect is not limited to blocking
by a single fish. This is shown more clearly in Figs. 12(b) and 12(c),
which shows the cycle-averaged pressure profile at 0:1l behind each
fish along the mid-line and top edge of the school. The pressure con-
tinues to rise going from the back of f 107 to f 104 to f 101 . This can be
explained by the further blocking of the fluid flowing down the chan-
nel. For f 104 , there is both f 107 and f 1010 in the channel behind it, leading
to a further increase in pressure compared to just one fish blocking the
flow. This enhanced block effect is observed along the middle channel,
but also in a much weaker form for the edge fish, where the pressure
behind f 102 is increased slightly compared to f 105 because of the pres-
ence of more fish behind it. The effect of this is significantly lessened,
however, because of the lack of a channel containing the flow, so
much of the fluid flows laterally around the subsequent blocking fish,
as seen in the jets of Fig. 7(c).

FIG. 12. Demonstration of the block effect utilizing the cycle-averaged pressure (a). The cycle-averaged pressure at 0:1l behind each fish tail for the mid-line fish (b) and top-
edge (c) fish are also shown, with the y position of the fish marked in gray.
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3. Wall effect

Many previous studies56,58–60 have shown that foils oscillating
near a solid boundary or next to another foil in anti-phase, providing a
wall-like boundary in the other foil body leads to an increase in thrust
with only a slight increase in power consumption. Additionally, this
effect was observed in Pan and Dong28 for a dense diamond fish
school, with the tail edge of the fish breaking the stability of the shear
layer on the “wall” fish. The same pattern of vortex pairs shedding
reported by Pan is seen in the flow behind edge fish within the 10-fish
school. This is shown along the edge of the school in Fig. 5(a), where
the vortex pair V2

L and V2
R are very similar to the flow structure of the

wall effect in the dense diamond reported previously. The wall effect
occurs any time the tail of a fish flaps close enough to the body of
another fish for the fish body to create the effect of a “wall” near the
tail of the previous fish. This occurs during half of the strokes for fish
along the edge of the school, and both strokes along the mid-line,
except f 1010 . Along the edge, the wall effect only occurs when the tail
flaps toward the center of the school. By flapping near a wall, the lat-
eral momentum generated by the tail motion is redirected by the wall
downstream. To demonstrate this effect, the normalized x-velocity is
shown in Fig. 13(a). At this time step, the bottom-edge fish are flap-
ping away from the school and the top-edge fish are flapping toward
the school. From this, we expect the top-edge fish to experience a wall
effect while the bottom-edge fish does not. This is evident from the
velocity zones behind each of the fish, where the top-edge fish has a
temporary jet of fluid flow downstream, indicating high momentum
gained by the fish via Newton’s third law. The fish along the bottom,
on the other hand, has no high momentum region.

To compare wall effects among the fish, the total momentum of
the instantaneous jet behind the tail, rx, is summed, and the results are
given in Fig. 13. From the figure, the fish without any wall effect
(f 103 ; f 106 ; f 109 , and f 1010 ) have significantly less momentum at the tail. As
expected, the top-edge fish (f 102 ; f 105 , and f 108 ) have the highest
momentum, and the fish with smaller momentum jets due to blockage
from the middle channel (f 101 ; f 104 ; and f 107 ). The discrepancy between
the top- and bottom-edge fish explains the single high thrust region
on the edge fish tail observed in Fig. 9, while all the other fish had two
zones of similar thrust at the tail. Behind the front (f 101 ) and middle
(f 104 ) fish, similar high-momentum jets are observed, however, they
are interrupted by the subsequent body inside the channel. Because of

this, the benefit from the wall effect is lessened for these front and mid-
dle fish compared to the edge fish. This explains the weaker thrust
region for all but the edge fish observed in Fig. 9.

B. Classification of individual fish

All the hydrodynamic interactions between swimmers and their
wakes are based on the spatial arrangement of neighboring fish.
Because of this, the fish within the large school can be grouped based
on the arrangement of nearby fish. The resulting classification and
grouped results are shown in Fig. 14. In part (a), Cx is plotted against
g, and distinct groups of individual fish performance emerge.
Specifically, there is a region of multiple high-efficiency fish and a
region of higher net force fish. In referencing the geometric positions
within the school, groupings are indicated by the results. First, the
front fish have no oncoming wake to benefit from, so they have the
lowest performance in both g and Cx , but the Cx value is still
improved over a solo swimmer due to the block effect. Next, the edge
fish have fish on only one side of them and experience a unique ante-
rior body suction, partial block effect, and wall effect. They occupy the
highest g region circled in blue, with about a 46% improvement over
the front fish. The Cx value is around the average for the school. The
edge group is further broken down into front-edge, shown in purple,
and back-edge, shown in orange. This distinguishes edge fish that have
no incident vortices (front-edge) and no block effect (back-edge) from
the others. Because of this, the front-edge fish have a lower g, and the
back-edge fish have a lower Cx . Despite this, the edge fish are overall
similar and can be combined into a larger group. The middle fish are
surrounded by other fish in the school, experiencing full anterior body
suction, wall effect, and block effect within the entirety of the group.
They show a consistent improvement in Cx of about 70% compared
to the front fish, but the efficiency of the middle group is lower than
the average of the school by about 20%. Finally, the back fish has noth-
ing blocking the flow behind it, subsequently experiencing only ante-
rior body suction, and has about a 50% improvement in g compared
to a single fish.

Figures 14(c)–14(f) show the force coefficients and power con-
sumption. They are averaged within each of the spatially motivated
groups, and the standard deviations are given by the shaded region.
The standard deviation and average for the edge fish show only the
top-edge fish, as the bottom edge is a mirror opposite of the top edge.

FIG. 13. Normalized x-velocity (a) in the
10-fish school at t=T ¼ 1:0, along with
the total streamwise momentum in the
temporary jet formed behind each fish (b).
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The cycle-averaged data are provided in Table III. The plots overall
show unique and distinctive performance trends within each spatially
motivated group. By showing similar trends over a cycle within each
group, it is demonstrated that the common fish–fish interaction mech-
anisms taking place within each group lead to similar performance
trends within the group. With these plots, many observations can be
made that correspond to the performance groups shown in Fig. 14(a).

First, the front fish, shown in black, demonstrates the lowest CT

(c) and Cx (d), while both the lateral force Cy (e) and the power con-
sumption CPw (f) are highest for the front fish, which tracks almost
exactly as a middle fish. Next, the edge fish, shown in blue, has the
highest CT (c), along with the middle fish, but has a significantly lower
Cx (d) compared to the middle and back fish. Interestingly, the peak in
CT is approximately equal in the left and right strokes; however, the
right stroke has a higher peak Cx (t=T ¼ 0:7), while the left stroke has
a higher peak Cy (t=T ¼ 0:2). The stroke generating significantly less
lateral force is also slightly higher in net force production, due to the
anterior body suction. The power consumption is less throughout the
cycle compared to the middle and front fish and is lower during
the right stroke peak as the tail flaps away from the school than the
left. The largest values in CT (c), Cx (d), and Cy (e) are the middle fish.
Subsequently, the power consumption (f) is also highest for the middle

fish. Finally, the back fish, shown in green, has a lower CT (a) than the
front and middle, but still maintains a net force near the middle fish
values, significantly higher than the edge fish. The lateral forces Cy (d)
are significantly lower than other groups, and the power consumption
is also lower than the others.

1. Effect of Reynolds number

Next, the hydrodynamic interactions and proposed categoriza-
tion is tested with a variety of Reynolds numbers to observe sensitivity
to flow parameters. Note that lower Reynolds numbers in 2D corre-
spond to higher ones in 3D.42 For this, a single fish and 10-fish school
are used, and the Reynolds number increases from 1000 to 2000 and
4000. The school-averaged results are given in Table IV. In the table, a
general trend of decreasing thrust while also decreasing power as the
Reynolds number increases is seen. This results in a slight increase in
efficiency at higher Re; however, the benefit over a single fish from
schooling maintains around 30% efficiency gain regardless of the
change.

Next, the vorticity [(a) and (b)] and cycle-averaged streamwise
velocity [(c) and (d)] for the increased Reynolds number is shown in
Fig. 15. Overall, the cohesiveness of the vortex structures in the wake
declines as the Reynolds number increases. Specific structures in the
flow are observed and compared with similar features in Fig. 5. In the
front, middle, and back fish, the same vortex trapped inside the channel

FIG. 14. (a) Cycle-averaged force coefficient vs efficiency in the school by group. (b) Arrangement of baseline school groups, with (i) front fish, (ii) edge fish region, (iii) middle
fish region, and (iv) back fish definitions. Front-edge fish (purple) and back-edge fish (orange) are also denoted. CT (c), Cx (d), Cy (e), and Cpw (f) are shown over a cycle of
motion. The average for each group is plotted along with the standard deviation for the group. Only the top-edge fish are included for the edge fish.

TABLE III. Cycle-averaged performance of groups in 10-fish school, as labeled in
Fig. 14(b).

Front Middle Edge Back

C�
T 1.775 2.231 2.233 1.831

C�
pw 1.9306 1.9392 1.0609 0.9490

Cx 0.0671 0.1156 0.0738 0.0852

g� 0.953 1.079 1.414 1.368

TABLE IV. Reynolds number effect on school average performance.

10� Fish school average C�
T C�

pw Cx g�

Re¼ 1000 2.147 1.312 0.083 1.296

Re¼ 2000 2.076 1.226 0.086 1.311

Re¼ 4000 1.931 1.145 0.087 1.292
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is observed in V1
L and V1

R at all three Reynolds numbers. Because they
are fully contained by the channel, there is little opportunity for any
change in behavior of the vortex. In the back fish, the same single vor-
tex V10

L is generated; however, it has more interaction with the preced-
ing back-edge fish vortex pair V9

R at a higher Reynolds number, where
there was previously little interaction between the two. Finally, the edge
fish has a similar vortex pair V2

L and V2
R that is shed from one edge fish

and partially interacts with subsequent edge fish for all Reynolds num-
bers. The cohesiveness of the pair declines significantly at increased
Reynolds numbers; however, it is still distinct and has clear interaction
with the subsequent edge fish. One major difference comes in the prop-
agation of the edge vortex pair beyond its interaction with the tip of the
next edge fish. At the lower Reynolds numbers, the pair propagates lat-
erally into the free stream beside the school, with minimal interaction
between the vortex cores and any subsequent body or vortex structure.
In the high Reynolds numbers, however, the pair has better adhesion to
the body after interacting with the leading-edge, and subsequently
interrupts the generation of the next pair, contributing further to the
decline in the cohesiveness of the vortex structure. This is demonstrated
by V2

L and V2
R, which originated at f 102 during the previous left stroke.

In Fig. 15, it is shown to be interrupting the propagation of V5
L and V5

R

downstream. Despite the minor differences, the schematic of primary
vortex structures around the body given in Fig. 6 is consistent at higher
Reynolds numbers. At Re¼ 2000, there is more lateral deflection in the
wake from the wall effect than the baseline, creating a second 2P pair
from f 105=6 in addition to the 2P pair from f 108=9. The short jets behind
edge fish diverge more from the center of the school and are longer

than the baseline. The long middle jet is narrower, as the lateral spacing
between vortices in the rBvK vortex street in the center is reduced. At
Re¼ 4000, the wake is narrowed and lacks a consistent coherent struc-
ture. The short jets along the edges of the school are similarly longer
but directed more in the streamwise direction contrary to Re¼ 2000.
Additionally, the long center jet is significantly wider and deflects
downwards. The deflection occurs due to the starting of the undulation
process creating a lateral deviation of the jet. At the higher Reynolds
number, the dipolar structure in the wake is strong enough to decouple
from the subsequent vortices in the street, allowing the wake to main-
tain the asymmetry. This deflection is consistent with previous results
of a single undulating body from Zhang et al.,61 which showed that the
deflection of the wake occurs in undulating swimmers at increased
Reynolds numbers.

The results from utilizing the previously defined groupings are
shown in Fig. 16. Once again, the higher g edge fish and higher Cx

middle fish zones are immediately apparent at all three Reynolds num-
bers. The range of values within a group grows with the increase in
Reynolds number, even as the groups remain distinct from each other.
The back fish have high g and the front fish have the lowest g at all
three Reynolds numbers. In the body-averaged values, the standard
deviations increase slightly with each increase in Reynolds number.
This makes sense, as the vortex structures become less coherent at
higher Reynolds numbers the consistency within each group will start
to decrease. The continuous coefficients remain distinct from each
other, particularly in power consumption. At higher Reynolds num-
bers, the same overall trends are seen as the 1000 Reynolds number

FIG. 15. Vorticity at the peak thrust production (t¼ 0.18T) for Re¼ 2000 (a) and Re¼ 4000 (b), and cycle-averaged streamwise velocity [(c) and (d)].
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baseline. Overall, the groupings are shown to be robust within a range
of Reynolds numbers. Despite small changes in vortex wakes, the wall
effect, block effect, and anterior body suction all remain and are caused
by the spatial arrangement of neighboring fish.

2. Increasing of school length and width

Next, the effect of making the school longer is examined by add-
ing two more dense diamond units to the end of the school, resulting
in a 16-fish long school. The school-averaged results are shown in
Table V. Compared to the 10-fish school, there is an increase in both
average thrust production and power consumption, resulting in a
slight increase in net efficiency. The vorticity and cycle-averaged
streamwise velocity are shown in Fig. 17. The wake behind the school

has a wider rBvK vortex street and a corresponding wider long jet in
the center. The small jets resulting from the edge fish continue to
strengthen as the school gets longer, ending in stronger short jets at
the 2P vortex pairs on the edge of the school. In the near-body vorti-
ces, the front, middle, and back fish, the same vortex trapped inside
the channel is observed in V1

L and V1
R. Because it is fully contained by

the channel, there is little opportunity for any change in the behavior
of the vortex. In the back fish, the same single vortex V16

L is generated.
Finally, the edge fish has a similar vortex pair V3

L and V3
R that is shed

from one edge fish and partially interacts with subsequent edge fish.
The longer school is grouped similarly, and the results are shown

in Fig. 18. The same zones of high efficiency and high net force from
the edge and middle, respectively, are observed in part (a). The overall
spread among Cx in the edge fish is larger, with a bigger drop for the
back edge fish than the 10-fish school. In the continuous coefficients
of net force and power (c) and (d), the same patterns emerge, with
middle fish having the highest net force and power consumption
throughout the cycle.

Finally, the effect of making the school wider is examined by add-
ing additional dense diamond sub-units in the spanwise direction,
resulting in a 23-fish wide school. The school-averaged results are

FIG. 16. (a) Cx plotted with g for the groupings of a 10-fish school with Reynolds numbers 1000, 2000, and 4000. Cx [(b) and (d)] and CPw [(c) and (e)] over a cycle of motion
by group, with the standard deviation for the group shaded for Re¼ 2000 [(b) and (c)] and Re¼ 4000 [(d) and (e)]. Only the top-edge fish are considered in the average and
standard deviation.

TABLE V. School average performance of 16-fish long school.

C�
T C�

pw Cx g�

2.467 1.440 0.081 1.319

FIG. 17. Vorticity at t=T ¼ 0:18 (a) and cycle-averaged streamwise velocity (b) in the 16-fish long school.
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shown in Table VI. Compared to the 10-fish school, there is an
increase in both average thrust production and power consumption,
resulting in a slight increase in the net efficiency; however, Cx is sig-
nificantly reduced, indicating that the drag on the school has
increased. This makes intuitive sense, as the frontal area of the
school has increased from 0:4l to 0:8l. The vorticity and cycle-
averaged streamwise velocity are shown in Fig. 19. The wake behind
the school has flipped to a BvK center, with two pairs of 2P vortex
streets neighboring the center street. The inner vortex from the 2P
pairs propagates downstream alongside the middle street, creating
jets due to the proximity of the opposite sign vortices from each
source, resulting in two weaker jets behind the school, occurring
between the 2s and 2P wake components. The weaker jets indicate

that less momentum is propagated downstream to result in thrust
for the fish school. This is reflected in the reduced Cx average com-
pared to the narrower 10 and 16 fish schools. Within the school,
near-body vortices remain similar to those observed for the 10-fish
school. In the front, middle, and back fish, the same vortex trapped
inside the channel is observed in V1

L and V1
R. Because it is fully con-

tained by the channel, there is little opportunity for any change in
the behavior of the vortex. In the back fish, the same single vortex
V23
L is generated; however, it has destructive interaction with the pre-

ceding back-edge fish vortex pair V21
R , where there was previously

little interaction between the two. Finally, the edge fish has a similar
vortex pair V3

L and V3
R that is shed from one edge fish and partially

interacts with subsequent edge fish.
The wider school is grouped similarly, and the results are shown

in Fig. 20. The same zones of high efficiency and high net force from
the edge and middle, respectively, are observed in part (a). In the con-
tinuous coefficients of net force and power (c) and (d), a similar pat-
tern of highest net force and power consumption is seen in the middle
fish. The front fish also has the predicted higher power consumption
than the rest of the school.

FIG. 18. Cx plotted with g for the 16-fish long school (a). Schematic of groupings and arrangement of school (b). Cx (c) and CPw (d) over a cycle of motion by group, with the
standard deviation for the group shaded. Only the top-edge fish are considered in the average and standard deviation.

TABLE VI. School average performance of 23-fish wide school.

C�
T C�

pw Cx g�

2.453 1.304 0.062 1.353

FIG. 19. Vorticity at t=T ¼ 0:18 (a) and cycle-averaged streamwise velocity (b) in the 23-fish wide school.
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IV. CONCLUSION

Utilizing high-fidelity numerical simulations, the in-depth hydro-
dynamics at play in large planar fish schools are studied. The perfor-
mance of the fish within the school is found to be significantly
improved by swimming within a school rather than alone, and the
benefit is further increased in the large school compared to previous
studies of smaller schools. The vortex interactions and wake are ana-
lyzed, and the enhanced performance of individual fish within the
school is shown to be caused by incoming vortex interactions, along
with three body–body interaction effects. First, the block effect occurs
in the front, edge, and middle of the school, enhancing the thrust pro-
duction. The wall effect also occurs in the front, edge, and middle of
the school and enhances the thrust production at the cost of significant
power, except along the edges where the formed vortex pair advects
laterally from the school. The anterior body suction effect occurs in
the edge, middle, and back of the school and increases thrust produc-
tion at almost no power cost to the individual. These mechanisms are
dependent on the arrangement of the surrounding fish, so intuitive
classifications of individual fish are formed based on the position of
neighboring fish, categorizing fish into front fish, edge fish, middle
fish, and back fish. Hydrodynamic performance of individual fish in
large schools shows similar performance between individuals within
each group, strengthening the physical basis for the classifications cho-
sen and leading to the major performance zones of the high-efficiency
edge fish and the high net force middle fish are predicted, along with
the low-efficiency front fish and high efficiency back fish. These mech-
anisms and groupings are robust to changes in the Reynolds number,
length of the school, and width of the school. A limitation of this work
is the 2D nature, while real fish schools are 3D. Computational investi-
gation of n � 3 3D fish schools have shown persistence of the anterior
body suction,62 block effect, and wall effect63 mechanisms described in
the current study, suggesting that the findings in the 2D large fish
schools persist to the 3D analog.

The significance of this work is twofold. First, it offers an initial
look into the hydrodynamics of large fish schools using a high-fidelity
model, improving on the previous works using a small number of fish
or low-order models. In this investigation, the rules for body–body
interactions are tested and applied in the setting of a large schools, and

previously defined effects are developed to further understanding
hydrodynamics in the schools. Finally, from the performance and
hydrodynamics of the school, categorizations are elucidated that group
the fish with similar performance and interactions. These results are
helpful in detailing mechanisms that benefit performance while swim-
ming in large schools, and the groupings provide a useful guidance
toward understanding performance and arrangements in fish schools
for future studies.
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