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a b s t r a c t

Fish are good examples of pressure sensing animals. In this paper, flow over two tandem swimming fish is
simulated using an immersed-boundary method and the power spectra of pressure sensing are analyzed.
The tandem arrangement is an appropriate model for a predator–prey pair as well as for fish cruising in a
school. It creates a situation where a low-frequency series of vortices impinging on a downstream object
generate acoustic signals with wavelengths comparable to the characteristic length of the flow. As a
result of that interaction, the vortex street in the wake shows different patterns, due to different distances
between the two fish and different motion frequencies. This analysis is expected to provide some insight
of the mechanisms of how pressure sensors inside a fish work together to sense the motions of other fish.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

In a complex flow with several immersed moving objects, each
individual motion alters the flow field. Motions of one object can
be sensed by others with signals such as pressure fluctuations in
their immediate surrounding. Fish can be a good example of pres-
sure sensing animals. Fish use sensors inside their lateral line trunk
canal (LLTC) to detect the motion of water in their surrounding.
The LLTC is the long canal organ that follows a straight line from
head to tail of the fish. Biologists have extensively studied the LLTC
[1–4]. Further understanding of how fish sense the behavior of
other fish may lead to a variety of applications for industrial and
military purposes, such as fishing industry, environment protec-
tion, underwater sensors, and sensor designs on un-manned
underwater vehicles.

The swimming mechanisms of fish and the related drag and
propulsion issues have been studied in the literature (e.g. [5] for
a review). However, the literature about pressure sensing of swim-
ming fish is scarce. Experimentally, Webber et al. [6] attached pres-
sure sensors to the tail of a cod to measure the tailbeat frequency
and tailbeat pressure in order to obtain the swimming speed of the
fish. Hyldgard et al. [7] designed a single chip sensor which was
placed on the back of a living fish for precise determination of
ocean water conductivity. Carlson et al. [8,9] designed a sensor-fish
device that could swim through the dams to gather useful informa-
tion for designing safer downstream passages for fish. Numerically,
Deng and Shao [10] simulated the flow over a school of swimming
fish, where the swimming motion of each fish could be automati-
cally adjusted to keep the fish in a cruising state. Barbier and Hum-
phrey [11] simulated the flow around a sensor inside the LLTC to
investigate the filtering properties and performance characteristics

of the LLTC. Here we explore a new topic of how pressure sensing
of one swimming fish is used to detect the behavior of the other
fish.

The development of immersed-boundary (IB) method makes it
possible for simulation of flow over multiple moving immersed
bodies including fish and insects [12–14]/ce:cross-refs>. In this pa-
per, flow over two tandem swimming fish is simulated using a
modified IB method [15]. The tandem arrangement is an appropri-
ate model for a predator–prey pair as well as for fish cruising in a
school. The tandem arrangement also creates a situation where a
low-frequency series of vortices impinging on a downstream ob-
ject generate acoustic signals with wavelengths comparable to
the characteristic length of the flow. Under this situation, non-
compact vortex-body interactions have to be considered. Flow over
two tandem cylinders was previously simulated using the same IB
method, and the flow field was used to provide information to ana-
lyze the pressure fluctuations both in the cylinders and at the far
field [16]. In the current study, the two stationary cylinders in that
study are replaced by two complex shaped moving fish, and the fo-
cus is on the near-field pressure fluctuation analysis.

2. Computational model

As shown in Fig. 1, a NACA0012 foil, with traveling wavy motion
applied to it, represents each fish. The length of each foil, L, is 1, and
the free-stream velocity, U, is 1. The Reynolds number of the sim-
ulation remains to be 400 for all the cases. This is because the cur-
rent simulation method is mostly validated with laminar flow
conditions [15] and turbulent flow is yet to be considered.

The motion of the foils is described by the surface ordinate at
the abscissa, x, as [10]:

ys ¼ AmðxÞ cos 2paðx� ctÞ½ � þ y0; 0 6 x 6 1; ð1Þ
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where y0 is the original NACA0012 ordinate, a = 1/k, with k being
the wavelength of the traveling wave, and Am and c being the ampli-
tude and the phase speed of the traveling wave, respectively. Other
shapes, such as NACA0016, have also been used in the literature
[17,18].

The IB method with a direct compensation force [15], improved
from those schemes described in [19–21], has been used to com-
pute the fluid flow. In the IB method, the equations for incompress-
ible fluid flow are

ou
ot
þ u � ru ¼ �rP þ 1

Re
r2uþ f ð2Þ

and

r � u ¼ 0; ð3Þ

where f is the body force representing the virtual boundary force.
The forcing term f, which functions as a velocity corrector for the
grid points immediately inside the immersed boundary, is pre-
scribed at each time step to establish the desired boundary moving
velocity. For time-marching scheme, this force can be expressed as

f ¼ SþrP � 1
Re
r2uþ 1

Dt
ðv� uÞ ð4Þ

on the boundary, and zero elsewhere, and S is the convection term
defined as

S ¼ ðu � rÞu ð5Þ

In Eq. (4), v is the desired physical velocity on a layer of grid points
immediately inside the immersed boundary named the internal
layer on which the direct forcing is applied to. More detailed expla-
nations of the concept of immersed-boundary methods can be
found in [15].

The governing equations, Eqs. (2) and (3), are discretized using
the first order time-marching, with a semi-implicit scheme for the
diffusion terms and the second-order Adams–Bashforth scheme for
convection and central differencing for diffusion. Continuity is en-
forced by solving a Poisson equation for pressure using a Poisson
solver [22].

The computational domain is illustrated in Fig. 2. The size of the
computational domain is 19.2 � 4.8, with the front tip of the first
fish located in the middle of the domain in the y-direction and 4
in the x-direction from the inflow boundary. The distance, between
the rear tip (tail) of the first fish and the front tip (head) of the sec-
ond fish in the streamwise direction, S, varies from 0.5 to 3 for dif-
ferent cases. The dimensionless wavelength, k, is selected as 1. The
dimensionless oscillation frequency of the fish, f = c/k, varies from
0.2 to 2, and the oscillation amplitude, Am(x), is set as 0.25x for
all the cases.

Conformation between the geometry of the boundaries and the
computational grids is not required in the IB method. Therefore the
method is particularly suitable for simulating flow over deformable
and moving surfaces in this study. Because of this, a uniform, non-
moving Cartesian grid mesh can be used, with dx = dy = 0.0125 in
the computational cases. The grid-size independence test has been
performed using half of the grid size, and the result showed very
little differences in the spectral contents from that using the pro-
posed grid size. The number of IB points used on the surface of each
fish is 1168, resulting in approximately 6 IB points in each grid cell,
which is sufficient for resolving the surface for the grid resolution
without ‘‘leaking” [15], which warrants proper data communica-
tions between the boundary points and the grid points.

The time step is 0.00125, which is selected to satisfy the stabil-
ity condition of this IB method [15], and is no worse than that of an
explicit scheme for a two-dimensional convection–diffusion
equation:

dt < min
h2Re

4
;

2
ðu2 þ v2ÞRe

" #
; ð6Þ

where h is the grid size. The first part in the minimum function is
from diffusion, while the second part is the Courant number related
to convection. The dimensionless time step used in the computation
must satisfy the stability condition imposed by Eq. (4) for the Rey-
nolds number and the grid size used in this study. Another condi-
tion is that the time-step size is to capture sufficiently high-
frequency phenomena in the flow.

A uniform x-direction velocity is used as the inflow boundary
condition, with u = 1, v = 0, and op/ox = 0. At the outflow boundary,
the boundary conditions are ou/ox = 0, ov/ox = 0, and p = 0. On the
top and bottom boundaries, the boundary conditions are ou/
oy = 0,v = 0, and op/oy = 0. On the surface of each fish, the desired
physical velocity depends on the shape and motion of the fish sur-
face determined by Eq. (1), which results in u = 0 and v to be the
time derivative of y in Eq. (1).

The current pressure boundary conditions at the inlet and outlet
boundaries are imposed to be consistent with the equations for the
velocities due to the staggered grid arrangement [23]. While the
p = 0 boundary condition has to be specified either at the inlet or
the outlet boundary, inconsistency would occur if p = 0 was speci-
fied at the inlet [15]. On the surface of fish, the pressure boundary
condition is not needed because in the IB method, the two fish are
treated as part of the flow and, therefore, the pressure is solved in
the Poisson equation for the whole flow field.

The fidelity of the computation scheme has been verified with
numerous experimental and computational data in the literature
for flows over cylinders and spheres in [15]. Particularly, the com-
putational results of fluctuation quantities of flow over an oscillat-
ing cylinder have been compared with experimental data by Griffin
[24] at Re = 200 on several RMS velocity-fluctuation profiles, and a
very good agreement has been achieved, as shown in [15].

3. Analysis of sensing of pressure fluctuations

The goal of this study is to investigate how fish detect each
other. It is assumed that the most detectable signal is frequency

Fig. 1. Illustration of the model of a swimming fish.

Fig. 2. Computational domain and locations of the fish.

1060 N. Zhang, Z.C. Zheng / Computers & Fluids 38 (2009) 1059–1064

au
tho

r's
 pe

rso
na

l c
op

y



Author's personal copy

changes. Therefore, the focus is on how a fish senses the frequen-
cies of pressure fluctuations in its immediate surrounding caused
by the motion of the other fish. There are two major interests in
this study: one is to see how the frequencies are related to the dis-
tance, S; and the other is to see how the sensed frequencies are re-
lated to the speed and type of the other fish. Since the speed and
the type of a fish are directly related to its oscillating frequency,
the second interest is actually to see how the sensed frequencies
by one fish are related to the swimming oscillating frequency of
the other fish. While it is difficult, if not impossible, to simulta-
neously determine the distance and oscillating frequency since
they both change with time, we design the numerical experiments
to target each at a time and let the other variable remain the same.

For the purpose of comparison, flow over a single swimming
fish is also simulated as a reference case, under the assumption
that the fish does not sense other fish if the signals sensed by it
are almost the same as those created by the motion of itself.
Two-way interactions between the front and rear fish are investi-
gated. There are several sensing spots placed on each fish surface,
particularly on the head and on the tail where the time history data
of pressure fluctuations are collected. The spectral analysis of the
time history data on the sensors is then conducted, and compari-
sons are made between different tandem distances, different
swimming oscillating frequencies, along with the single fish refer-
ence case to investigate the frequency change.

First, if focusing on the distance effect, the amplitude and fre-
quency of the fish motion are assumed the same, and cases with
different distances between the fish are investigated. The dimen-
sionless oscillating frequency is selected as 2, to distinguish itself
from the wake vortex shedding frequency that is mostly smaller
than 1. Cases with different distances, S = 0.5, 1, 2 and 3, are com-
pared along with the single fish case.

Fig. 3 shows vorticity contours in the single fish case and the
tandem fish cases with the distance between the two fish of
S = 0.5 and 3, which serves as an illustration of the formation of
vortex structures. In the single fish case, a low-frequency periodic
vortex street is formed from the merging of many high-frequency
vortices directly generated from the oscillating swimming motion.
In the tandem fish cases, the flow around the front fish is very close
to the single fish result, while the flow around the rear fish,
depending on the distance S, can be significantly altered by the
presence of the front fish. When the two fish are close in the case
of S = 0.5 in Fig. 3b, the large wake vortex structure behind the
front fish has not developed, and the large structure behind the
rear fish is also delayed in comparison to the large-distance tan-
dem case in Fig. 3c. This effect is the same as in the case of two sta-
tionary tandem cylinders, where the closeness of the two cylinders
hinders the formation of wake vortices behind both cylinders [16].
As a result, the flow near the head of the rear fish is still similar to
that of a single fish. When the two fish are farther apart in the case

Fig. 3. Vorticity contours: (a) one single fish, (b) two tandem fish with S = 0.5, (c) two tandem fish with S = 3.
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of S = 3 in Fig. 3c, the large vortex structure, in the form of a von
Karman vortex street behind the front fish, impinges on the head
of the rear fish, causing very different flow around the head of
the rear fish in comparison to that of a single fish. The effect of
the large vortex structure on the rear fish can be more clearly ex-
plained in Fig. 4 where the spectral analysis on pressure fluctua-
tions is plotted. Also because of the interactions between the
wake of the front fish and the rear fish, the vortex street in the
wake behind the tandem fish shows a different pattern compared
to that behind the single fish.

Fig. 4 is the power spectra of pressure fluctuations at the head
(front tip) of the rear fish. Cases with different distances, S = 0.5,
1, 2 and 3, are compared along with the single fish case (with pres-
sure sensing also at the front tip). In all the cases, the peak corre-
sponding to the swimming oscillating frequency (f = 2) shows
consistently. The magnitude of the fluctuation at the oscillating
frequency in the tandem fish case is increased in comparison to
that in the single fish case, because it receives contributions from
the same frequency motions of both fish. It is obvious that there
are augments in the low-frequency range for S = 1, 2 and 3 cases.
The two added peaks are around 0.4 and 0.8, which correspond
to the wake vortex shedding frequency of the front fish, noticing
that for the vortex shedding frequency of 0.2, the pressure fluctu-
ation frequency is doubled because each of the positive and nega-
tive vortices produces the same pressure fluctuations.

The spectral pattern in the case of a medium distance of S = 1 in
Fig. 4 is slightly different from those in the cases of large distances,
S = 2 and 3. Then for the short distance case of S = 0.5, no augment
at the low frequencies can be seen, and the spectral curve is very
similar to that of the single fish. This is because the head sensor
of the rear fish is very close to the front fish, and as shown in
Fig. 3, the large wake vortices have not been formed yet within
such a short distance. Therefore pressure fluctuations near the rear
fish head are mostly dominated by the frequencies of the small
vortices directly formed due to the oscillating motion of the front
fish. This is an interesting observation, which means when a pred-
ator swims very close to the prey, it loses the ‘‘sight” of the prey if
its head pressure sensor is the only sensor. However, this ‘‘blind
spot” can be revealed by the tail pressure on the rear fish, a fact
to be explained in Fig. 5.

Fig. 5 is the comparison of power spectra at the tail sensor of the
rear fish, along with the case of the single fish (with pressure sens-
ing also at the tail tip). There are more significant peaks at the
oscillating frequency (f = 2) and twice of it (2f) in all the cases, be-
cause at these frequencies the motion of the tail directly produces
pressure fluctuations. The low-frequency augments are less, and
the power spectra show a different pattern compared to those of
the head sensor. For the tail sensor of the single fish, there is a
low-frequency peak at about 0.4 representing the main wake vor-
tex shedding frequency. Notice there is no peak at this frequency in
the signal collected by the head sensor of the single fish in Fig. 4.
This is because the tail is close to the downstream vortex street.
Therefore, while the head sensor senses the wake of the front fish,
the tail sensor senses the wake of itself. In the tandem fish cases,
the wake can be altered by the presence of the front fish, and thus
the spectra of all the tandem cases are different from those of the
single fish at the low-frequency range.

It is interesting to see that, in Fig. 5 for the S = 0.5 case, the
f = 0.4 peak is filtered out because of the hindered wake formation
as shown in Fig. 3. With this missing frequency, the predator is able
to sense the closeness to the prey. That is, when the predator loses
the sight of the prey with the head sensor, it can still ‘‘see” the prey
through the tail sensor. This may well be an example of how fish
gather information from different sensors and analyze it to deter-
mine the distance to the others. Another example is between the
cases of S = 2 and 3. When the head sensor feels no difference be-
tween these two distances, the overall wakes resulting from the
motions of both fish are different, which are reflected more in
the tail spectra than in the head spectra. In this sense, Figs. 4 and
5 provide some insight of the mechanism how hundreds of sensors
inside LLTC work together to sense the distance to the fish in front.

While Figs. 4 and 5 have shown evidences of a predator sensing
its prey, Fig. 6 shows the sensing of the prey when a predator is
approaching. The spectra are for the tail sensor of the front fish.
The low-frequency peaks are weak compared to those at the oscil-
lating frequency and twice of it and their harmonics, again because
the sensor is located on the tail where the oscillatory motion of the
tail is significant. However, different distances show different ef-
fects on the low-frequency spectra. In comparison to the single fish
curve, when the distance between the two fish is very short

Fig. 4. Power spectra of pressure fluctuations at the head of the rear fish. Compa-
risons made among different distances for the tandem fish cases, along with the
single fish case.

Fig. 5. Power spectra of pressure fluctuations at the tail of the rear fish. Compar-
isons made among different distances for the tandem fish cases, along with the
single fish case.
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(S = 0.5), there is no low-frequency peak. This loss of low-fre-
quency peak is again due to lack of wake vortex shedding behind
the front fish, as shown in Fig. 3b, a signal sensed by the front fish
which can be interpreted as closeness of the predator. When the
distance is very far (S = 3), the low-frequency peak coincides with
that of the single fish case to be at f = 0.4, meaning the front fish
has no sense of any follower. In the middle range, S = 1 and 2, there
are noticeable peaks in the low-frequency range that are different
from the low-frequency peak in the single fish case.

Next, we discuss the frequency variation effect, with a fixed
amplitude and distance. In these cases, S = 1 is selected as the dis-
tance between the two fish. Cases with different oscillating fre-
quencies, f = 2, 1, 0.5, and 0.2, are investigated. The purpose is to
see how the sensed frequencies by the rear fish are related to the
swimming oscillating frequencies of the front fish.

Fig. 7 is the power spectra at the head sensor of the rear fish. It
is noticeable that in addition to the peaks at each of the oscillating

frequencies, in the cases of f = 2 and f = 0.2, there is also a peak at
0.4. The frequency of 0.4 is corresponding to one fifth and 2 times
of the oscillating frequency, respectively, in these two cases. In the
other two cases (f = 0.5 and 1), the oscillating frequencies are also
clearly shown, however without a peak at the frequency of 0.4. In
general, Fig. 7 shows that the sensed frequency pattern of each
oscillating frequency case is different from the others.

Fig. 8 is the power spectra comparison for the same cases as in
Fig. 7, but with the pressure located at the tail of the rear fish. It can
be seen that the frequency patterns from the tail sensor are some-
what similar to those from the head sensor, however the peak at
f = 0.4 does not show for the case of f = 2. This is because the fre-
quency due to the tail motion itself is dominant, rather than wake
vortex shedding near the tail. Again as in Fig. 7, each oscillating fre-
quency case provides a unique signature in the spectra distinguish-
able from the other cases. It can thus be concluded from the results
in Figs. 7 and 8 that the rear fish can sense the swimming motion of
the front fish directly from either of its head or tail sensors. There-
fore, it is easier for a predator to determine the type and swimming
speed of a prey than the distance between them because the latter
requires analyzing the sensed data from multiple sensors.

4. Conclusions

In the tandem fish cases, the flow around the front fish is very
close to the single fish result, while the flow around the rear fish,
depending on the distance between the two fish, can be altered sig-
nificantly by the presence of the front fish. As a result of interac-
tions between the rear fish and wake behind the front fish, the
vortex structures in the wake behind both of the front and rear fish
can be very different when the distance between them varies.
When the two fish are very close, the large wake vortex structure
behind the front fish has not yet developed, and the large structure
behind the rear fish is also delayed. As a result, the flow near the
head of the rear fish is still similar to that of a single fish. When
the two fish are farther apart, the large vortex structure, in the
form of a von Karman vortex street behind the front fish, impinges
on the head of the rear fish, causing very different flow around the
head of the rear fish in comparison to that of a single fish.

Head sensors on the rear fish are able to sense the frequency
produced by the wake vortex shedding from the front fish, except

Fig. 6. Power spectra of pressure fluctuations at the tail of the front fish. Compar-
isons made among different distances for the tandem fish cases, along with the
single fish case.

Fig. 7. Power spectra of pressure fluctuations at the head of the rear fish. Compa-
risons made with different oscillating frequency cases.

Fig. 8. Power spectra of pressure fluctuations at the tail of the rear fish. Compar-
isons made with different oscillating frequency cases.
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for the case of a very short distance between the fish. In this situ-
ation, the power spectra of the head and tail sensors of the rear fish
indicate that when the predator loses the sight of the prey with the
head sensor, it can still ‘‘see” the prey through the tail sensor since
the tail sensor misses a low-frequency peak. This can be an exam-
ple of how fish gather information from different sensors on their
bodies and analyze it to determine the distances to the others.

The spectra of the tail sensor of the front fish also provide infor-
mation on how the prey senses the approaching of the predator,
because different distances produce different spectral patterns at
the low-frequency range.

Furthermore, our results also show that it is easier for a preda-
tor to determine the type and swimming speed of a prey than the
distance between them because the latter requires analyzing the
sensed data from multiple sensors.
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